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FOREWORD 


(U)  This  is  the  final  report  of  work  performed  by  TRW  Systems  Group, 
Redondo  Beach,  California,  under  Contract  F04611-68-C-0054,  Program 
Structure  750G,  AFSC  Project  3058,  for  the  Rocket  Propulsion  Laboratory 
at  Edwards  Air  Force  Base,  California.  Mr.  M.  V.  Rogers  was  the  Air  Force 
project  engineer.  The  report  covers  the  period  1  April  1968  through 
15  August  1969,  and  is  submitted  in  accordance  with  the  requirements  of 
Exhibit  B  of  the  contract. 

(U)  This  technical  report  has  been  reveiwed  and  is  approved. 


Melvin  V.  Rogers 
Reentry  Propulsion  Section 
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UNCLASSIFIED  ABSTRACT 

(U)  A  fifteen-month  program  was  conducted  to  develop  and  demonstrate  a 
single-element  coaxial  injector  with  at  the  3000  lbf  thrust 

level.  The  optimum  injector  configuration  and  one  varient  were  employed 
in  multiple-start,  long-duration  ablative  chamber  tests.  The  durability 
of  the  final  injector  configuration  was  demonstrated  by  over  460  seconds 
of  operation  in  44  starts,  including  hot  restarts,  without  discrepancies. 
Three  basic  configurations  of  the  coaxial  injector  concept,  with  geometric 
variations,  were  tested  to  evaluate  parameters  controlling  performance 
and  injector/chamber  compatibility,  together  with  demonstrating  the 
inherent  dynamic  stability  of  the  injector.  All  contract  design  goals 
were  met  or  exceeded. 
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NOMENCLATURE 

A  area 

C  injector  hydraulic  interaction  term  (see  Section  3.1.3) 
C*  characteristic  velocity 
D,d  diameter 

F  force,  momentum  or  thrust 
I  specific  impulse 

L  crifice  height  dimension 
L*  characteristic  length 
M  momentum 

N  number  of  primary  orifices 
0/F  mixture  ratio 
P  pressure 

S  orifice  spacing  dimension  (see  Section  3.1.3) 

V  velocity 

W  orifice  width  dimension 
w  mass  flow  rate 

A  fuel  film  thickness  at  impingement  (see  Section  3.1.3) 
APIF  fuel  injection  pressure  drop 
APIO  oxidizer  injection  pressure  drop 
e  expansion  area  ratio 

V  efficiency 
P  density 
Subscripts 

C*  characteristic  velocity 
F,f  fuel  or  thrust 
i  injector 

MEAS  measured 

0,o  oxidizer  or  stagnation 
PC  based  on  chamber  pressure 
T,t  total  or  throat 
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1 .  INTRODUCTION 

(U)  Recent  studies  of  advanced  post  boost  propulsion  systems  have  defined 
requirements  for  a  flight-type  N^O^/N^H^  axial  engine  with  the  capability 
of  operating  over  a  wide  mixture  ratio  range.  These  studies  indicated  that 
major  improvements  in  propulsion  system  effectiveness  could  be  achieved  by 
using  hydrazine  as  the  common  fuel  for  both  the  monopropellant  attitude 
control  thrusters  and  the  bipropellant  axial  engine.  The  capability  of 
operating  the  axial  engine  over  a  mixture  ratio  range  would  permit  pre¬ 
selected  division  of  the  propulsion  system  propellant  load  between  axial 
engine  maneuvers  and  attitude  control  requirements,  and  would  provide  a 
high  degree  of  mission  flexibility  within  a  single  post  boost  propulsion 
system  configuration.  The  axial  engine  should  also  deliver  good  per¬ 
formance,  possess  inherent  and  dynamic  stability,  and  be  capable  of  firing 
for  long  cumulative  durations  with  multiple  hot  restarts.  Additionally, 
the  axial  engine  must  possess  reliability,  ease  of  fabrication  with  a 
minimum  of  quality  control,  low  unit  cost,  and  the  ability  to  withstand 
the  post  boost  vibration  and  nuclear  effects  environments. 

(U)  Various  agencies  and  contractors  have  worked  on  the  development  of 
stable,  good  performing  injectors  for  N^O^/N^H^.  However,  many  of  these 
injectors  had  not  developed  in  physical  configurations  suitable  for  appli¬ 
cation  to  a  system,  and  little  work  had  been  done  to  make  these  injectors 
capable  of  hot  restarts  and  compatible  with  state-of-the-art  thrust  chamber 
materials.  Further,  little  work  has  been  done  to  develop  injector-thrust 
chamber  assemblies  for  this  propellant  combination  at  the  levels  of  chamber 
pressure  and  thrust  which  were  defined  by  the  advanced  post  boost  propulsion 
systems  studies.  Therefore,  an  intensive  development  program  was  conducted 
to  demonstrate  the  applicability  of  the  single-element  coaxial  injector 
technique  in  meeting  the  rigorous  operational  requirements  of  the  ^0^/ 
axial  engine. 

(U)  This  report  presents  the  results  of  a  fifteen  month  program  to  develop 
and  demonstrate  a  3000  lbf  vacuum  equivalent  thrust  N^O^/N^H^  injector 
operating  at  300  psia  chamber  pressure.  The  major  goals  of  this  program 
were  to  demonstrate  mixture  ratio  flexibility,  dynamic  combustion  sta- 


UNCLASSIFIED 


AFRPL-TR-69-231 
Page  2 


UNCLASSIFIED 


(U)  bility,  good  performance,  and  injector-chamber  compatibility.  The  program 
was  conducted  in  two  phases.  In  the  initial  program  phase  the  design  of 
the  injector  and  associated  test  hardware  were  accomplished.  The  second 
phase  comprised  the  major  program  effort  and  included  all  hardware  fab¬ 
rication  and  evaluation  testing. 

(U)  The  injector  design  approach  selected  was  a  building  block  version  of 
a  flight-type  single-element  coaxial  injector.  The  building  block  injector 
concept  provided  the  flexibility  to  accommodate  hardware  modifications 
with  a  minimum  of  schedule  impact,  yet  permitted  fabrication  of  test  hard¬ 
ware  approaching  a  flight-type  configuration.  Previous  experience  with 
N204/N2H4  in  3000  lbf  thrust  sized  hardware  prior  to  the  award  of  this 
program  had  demonstrated  the  inherent  dynamic  stability  of  the  single¬ 
element  coaxial  injector  concept  and  the  achievement  of  the  program 
acoustic  stability  goal  was  not  considered  a  problem  area,  and  in  act¬ 
uality  was  not  a  problem.  However,  the  pre-contract  experience  had  indicated 
that  achievement  of  the  "combustion  roughness"  goal  would  require  a  '■ncerted 
effort.  As  a  consequence,  three  different  injector  configurations  were  de¬ 
signed  for  evaluation  testing  for  comparison  with  the  program  goals  of 
performance, mixture  ratio  flexibility,  "roughness",  and  in jector -chamber 
compatibility. 

(U)  The  Phase  II  effort  consisted  of  three  tasks.  The  Task  I  effort  en¬ 
tailed  screening  of  the  three  injector  configurations  in  uncooled  thrust 
chamber  hardware  and  the  selection  of  one  configuration  which  was  then 
further  characterized  before  proceeding  to  the  Task  2  experimental  effort. 

Task  2  evaluated  the  basic  compatibility  of  the  selected  injector  with 
ablative  thrust  chambers  and  demonstrated  the  hot  restart  capability  of 
the  final  injector  configuration.  The  Task  3  effort  was  added  to  the 
program  following  the  completion  of  Task  2  with  the  objective  of  test 
firing  three  ablative  thrust  chamber  under  a  restart  duty  cycle  to  acquire 
comparative  performance-chamber  durability  information  with  both  all¬ 
ablative  and  throat  insert  configuration  thrust  chambers. 
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2.  SUMMARY 

(U)  An  intensive  experimental  program  was  conducted  to  develop  and  demonstrate 
a  3000  lb^  vacuum  equivalent  .thrust  N^O^/N^H^  injector  operating  at  300  psia 
chamber  pressure.  The  major  goals  of  this  program  were  to  demonstrate  mix¬ 
ture  ratio  flexibility,  dynamic  combustion  stability,  good  performance,  and 
injector-chamber  compatibility.  The  program  was  conducted  in  two  phases. 

In  the  initial  program  phase  the  design  of  the  injector  and  associated  test 
hardware  were  accomplished.  The  second  phase  comprised  the  major  program 
effort  and  included  all  hardware  fabrication  and  evaluation  testing.  The 
frontispiece  of  the  report  shows  a  pre-test  view  of  the  single-element 
coaxial  injector  produced  during  this  program. 

(U)  The  Phase  II  effort  consisted  of  three  tasks.  Task  1  effort  entailed 
screening  of  the  three  basic  injector  configurations  in  uncooled  thrust 
chamber  hardware  and  the  selection  of  one  configuration  which  was  then  further 
characterized  before  proceeding  to  the  Task  2  experimental  effort.  Task  2 
evaluated  the  basic  compatibility  of  the  selected  injector  with  ablative 
thrust  chambers  and  demonstrated  the  hot  restart  capability  of  the  final 
injector  configuration.  The  Task  3  effort  was  added  to  the  program  follow¬ 
ing  the  completion  of  Task  2  to  acquire  comparative  performance-chamber 
durability  information  with  both  all  ablative  and  throat  insert  configu¬ 
ration  thrust  chambers  under  a  restart  duty  cycle.  A  total  of  five  (5) 
ablative  thrust  chambers  were  tested  for  single  burn  durations  in  excess 
of  60  seconds  each,  followed  by  restarts. 

(U)  The  following  tabulation  summarizes  the  program  accomplishments  and  the 
contract  design  goals.  All  design  goals  were  met  or  exceeded. 
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(C) 

DESIGN  GOAL 

DEMONSTRATED 

Mixture  Ratio  Range 

Vacuum  Specific 

0.9S  to  1.40 

0.92  to  1.53 

Impulse  at  Optimum  Mixture 

300  lbf-sec/lbm 

308  lbf-sec/lbm 

Ratio  C  =  30:1) 

minimum 

at  1,2  mixture  ratio 

Dynamic  Stability 

40  millisecond 

recovery  from 

525  psi  overpressure 

20  millisecond  recovery 
from  overpressures  rang¬ 
ing  from  120  to  630  psi. 

Injector  inherently 

dynamically  stable. 

Combustion  Noise 

+  5  percent  of 
chamber  pressure 

+  5  percent 

Inj  ector/Chamber 

Not 

Five  ablative  thrust 

Compatibility 

Quantified 

chambers  tested  for 

durations  up  to 

90  seconds. 

Injector  Durability/ 

Not 

Over  460  seconds  of 

Operability 

Quantified 

operation  in  44  starts 

without  discrepancies. 
Overall  operating  ex¬ 
perience  of  1000 

seconds  in  180  starts. 

Hot  Restarts 

Not 

Quantified 

Pulse  trains  of  5  or 

more  restarts  after 

initial  90  seconds  of 

operation. 
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3.  DESIGN,  ANALYSIS,  AND  FABRICATION 


3.1  GENERAL 

(U)  The  choice  of  an  injector  concept  was  the  single  most  important  design 
decision  for  this  program.  The  injector  design  directly  affects  overall 
dynamic  stability,  performance,  thrust  chamber  life,  and  compatibility. 
Realization  of  the  design  goals  for  these  qualities  is  not  possible  unless 
the  injector  can  be  made  to  operate  in  a  dynamically  stable  manner. 

(U)  The  selection  of  the  injector  concept  was  primarily  predicated  upon  its 
inherent  resistance  to  damaging  modes  of  instability.  The  basic  injector 
design  is  a  single  central  element  configuration  wherein  the  fuei  is  injec¬ 
ted  as  a  continuous  cylindrical  sheet  which  impinges  with  oxidizer  streams 
injected  radially  outward  from  a  series  of  uniformly  spaced  slots.  Part  of 
the  fuel  strikes  the  top  surface  of  the  individual  oxidizer  streams  and 
part  of  the  fuel  drops  in  between  the  oxidizer  streams.  The  initial  combus¬ 
tion  products  of  the  hypergolic  reaction  drive  the  propellants  into  each 
other,  promoting  secondary  mixing.  Performance  is  controlled  through  oxidi¬ 
zer  element  sizing  and  unit  spacing  as  well  as  the  fuel  sheet  thickness. 
Additional  performance  tuning  can  be  accomplished  by  the  addition  of  secon¬ 
dary  oxidizer  elements  between  the  major  oxidizer  slots.  The  TRK  central 
element  injector  concept  has  demonstrated  its  inherent  dynamic  stability  in 
literally  thousands  of  tests  with  a  variety  of  propellants  (including  N^/ 
N2H4)  over  a  wide  range  of  thrust  sizing.  The  injector  concept  has  also 
shown  it  can  deliver  good  performance  and  at  the  same  time  provide  chamber 
wall  compatibility  control. 

3.1.1  Stability  Considerations 

(U)  Storable  propellant  applications  with  pressure-fed  systems  involve 
combustion  chamber  pressure  operation  at  relatively  low  pressures,  resulting 
ir.  combustion  chamber  geometrical  sizings  which  may  support  damaging  acous¬ 
tic  types  of  instability.  The  tangential,  radial,  and  longitudinal  modes 
are  of  concern  with  the  tangential  modes  being  most  important  (Reference  1) ., 
The  single-element  coaxial  injector  provides  a  fundamental  approach  for 
theoretical  elimination  of  these  modes. 
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fU)  To  arrive  at  a  means  to  theoretically  eliminate  combustion  instability 
it  is  necessary  to  examine  the  relationship  between  the  nodes  and  antinodes 
of  the  acoustic  vibrations  associated  with  various  instability  modes  and 
the  location  of  possible  abnormally  high  energy  release  zones  which  could 
result  in  sustaining  combustion  instability.  These  are  given  in  Figure  1 
indicating  comparisons  between  distributed  injection  and  centralized  injec¬ 
tion. 


(U)  The  figure  shows  that  the  possible  locations  for  abnormally  high  energy 
release  in  the  chamber  can  have  a  dominant  effect  on  whether  or  not  the 
engine  will  be  dynamically  stable  (without  resorting  to  mechanical  damping.) 
For  example,  if  a  large  local  pressure  pulse  is  generated  in  a  region  in 
which  the  maximum  compression  (pressure  antinode)  would  occur  for  a  given 
acoustical  mode,  then  that  mode  will  probably  be  initiated.  In  inert  gases, 
the  energy  supplied  by  the  pulse  will  be  dissipated  in  a  few  cycles  through 
various  damping  processes  such  as  turbulence,  wall  drag,  droplet  drag,  and 
possible  interference  from  other  vibration  modes  which  may  also  have  been 
excited.  However,  if  unburned  propellant  is  introduced  into  the  pressure 
antinode  regions,  the  energy  required  to  sustain  the  oscillations  can  be 
supplied  through  a  rapid  increase  in  the  normal  rate  of  combustion  caused 
by  pressure-sensitive  gas  reactions  and  increased  mixing,  resulting  from 
high-velocity  gases  just  behind  the  pressure  front. 


(U)  An  injector  design  which  introduces  propellant  near  the  outer  periphery 
of  the  combustion  chamber  can  be  expected  to  be  very  susceptible  to  the  tan¬ 
gential  modes  of  instability,  whereas  an  injector  having  a  single  central 
element  would  be  highly  resistant  to  the  tangential  modes  if  fast  mixing  and 
reaction  are  assured  by  proper  interlocking  of  oxidizer  and  fuel. 


(U)  In  Figure  la  conventional  multiple-orifice  injection  scheme  is  illus¬ 
trated  on  the  left  side.  Under  stable  operation,  the  maximum  rate  of 
energy  release  zone  will  be  somewhat  as  shown  by  the  solid  line.  Under  the 
influence  of  a  large  pressure  pulse  at  one  side  of  the  injector  (or  subse¬ 
quently  during  unstable  operation  when  the  pressure  front  has  just  passed 
the  left  side),  the  energy  release  pattern  will  approximate  that  shown  by 
the  dotted  line.  The  zone  of  maximum  energy  release  rate  moves  generally 
toward  the  injector  face  and  even  closer  at  the  peak  pressure  region,  thus 
sustaining  the  instability. 
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Figure  1.  Comparison  of  Stability  Modes  (U) 
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(U)  A  schematic  diagram  of  the  coaxial  injection  scheme  is  shown  on  the 
right  side  of  Figure  la,  where  it  can  be  seen  that  under  the  influence  of 
a  large  local  pressure  pulse,  the  zone  of  maximum  energy  release  must  again 
move  toward  the  incoming  propellants  to  increase  the  combustion  rate  above 
its  normal  value.  In  this  case,  it  moves  both  toward  the  injector  end  of 
the  chamber  and  inward  toward  the  center  line  of  the  engine.  It  is  apparent 
that,  under  these  conditions,  the  energy  would  be  released  near  the  pressure 
node  and  would  be  very  ineffective  in  sustaining  the  spinning  or  tangential 
pressure  front.  Therefore,  any  disturbance  which  initiates  the  tangential 
modes  would  be  expected  to  damp  out  within  a  few  cycles. 


(U)  The  very  high  injection  density  near  the  center  of  the  injection  in 
the  TRW  design  also  tends  to  prevent  the  establishment  of  the  radial  mode 
of  instability.  On  the  right  side  of  Figure  lb  it  can  be  seen  that  for  the 
coaxial  element,  the  normal  maximum  energy  release  zone  is  near  the  pressure 
node  of  the  radial  mode,  and  therefore  does  not  tend  to  contribute  effec¬ 
tively  toward  sustaining  the  mode.  With  a  distributed  injector  some  incom¬ 
ing  propellant  is  at  the  antinode  of  the  radial  mode  as  shown  on  the  left 
side  of  Figure  lb.  However,  in  any  case  the  radial  mode  is  not  easy  to  sus¬ 
tain. 

(UJ  With  respect  to  the  longitudinal  mode  of  instability,  it  is  seen  in 
Figure  lc  that  energy  added  close  to  the  injector  face  will  be  most  effec¬ 
tive  in  sustaining  the  mode.  For  a  given  energy  release  rate,  there  is  a 
maximum  chamber  length  below  which  the  energy  is,  in  effect,  being  released 
at  a  pressure  node,  and  therefore  will  not  sustain  longitudinal  instability. 
However,  the  energy  release  rate  is  not  constant,  but  is  usually  a  strong 
function  of  the  pressure  disturbance.  A  high  pressure  front  can  "drive" 
the  combustion  zone  back  toward  the  injector  face  until  the  propellant  in¬ 
jection  density  and/or  lack  of  mixing  is  sufficient  to  prevent  any  further 
increase  in  combustion  rate.  For  injectors  using  a  distributed  propellant 
source  such  as  the  one  shown  on  the  left  in  Figure  lc,  the  propellant  den¬ 
sity  does  not  rapidly  increase  until  very  close  to  the  injector  face.  There¬ 
fore,  a  large  pressure  disturbance  could  drive  the  energy  release  zone  close 
to  the  head  end  of  the  chamber  or  into  the  antinode  region  and  thus  estab¬ 
lish  a  longitudinal  instability. 
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(U)  The  coaxial  injector  resists  the  longitudinal  mode  of  instability  be¬ 
cause  the  propellant  injection  density  increases  much  more  rapidly  and  to 
much  higher  values  at  a  given  distance  from  the  injection  ports  than  in 
injectors  with  a  distributed  source.  Furthermore,  the  injection  point  is 
physically  adjustable  farther  into  the  chamber.  Thus,  for  a  given  chamber 
length,  the  stable  maximum  energy  release  occurs  nearer  the  pressure  node 
region  and  cannot  be  driven  nearly  as  far  toward  the  head  end  of  the  chamber 
(see  the  right  side  of  Figure  lc).  Since  it  cannot  couple  efficiently  in 
this  region,  the  engine  remains  stable. 

3.1.2  Injector  Element  Sizing 

(U)  Under  normal  operating  conditions  for  thrust  levels  above  approximately 
1000  lb^  the  oxidizer  is  employed  as  the  center  propellant  in  a  coaxial 
injector.  The  fuel,  therefore,  is  injected  as  a  continuous  sheet  over  the 
pintle  tube  surface.  The  selection  of  a  coaxial  injector  pintle  diameter 
includes  consideration  of: 

•  The  ratio  of  pintle  to  selected  chamber  diameter  to  provide 
sufficient  radial  reaction  time  (distance)  and  stability  con¬ 
siderations 

•  The  resultant  fuel  sheet  thickness  at  the  design  fuel  orifice 
pressure  drops 

•  The  resulting  pintle  circumference  from  the  standpoint  of 
length  available  for  locating  the  oxidizer  injection  orifices 

(U)  Injecting  the  oxidizer  as  a  continuous  sheet  (Figure  2a)  is  usually 
not  practical  from  a  performance  standpoint  with  the  highly  reactive  hyper- 
golic  propellant  combinations  due  to  stream  separation  effects.  In  this 
figure,  the  arrows  represent  the  fuel  sheet  flowing  over  the  pintle  tube; 
with  the  oxidizer  streams  flowing  perpendicular  to  the  page.  Individual 
oxidizer  streams,  as  shown  in  Figures  2b,  c,  and  d  are  normally  employed  to 
obtain  improved  propellant  interlocking  (reducing  separation) .  The  physi¬ 
cal  size  of  the  oxidizer  streams  and  the  spacing  between  streams  become  pri¬ 
mary  design  variables.  The  oxidizer  stream  dimensions  and  velocity  control, 
to  a  major  extent,  overall  propellant  mass  distribution  and  the  resultant 
oxidizer  droplet  size.  Having  too  small  a  spacing  between  oxidizer  streams 
(Figure  2b)  precludes  adequate  fuel  sheet  penetration,  while  too  wide  a 
spacing  (Figure  2c)  allows  excessive  fuel  penetration,  resulting  in  fuel 
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(d) 

Figure  2.  Coaxial  Injector  Orifice  Geometries  (U) 

(U)  rich  gases.  One  approach  is  to  separate  the  primary  oxidizer  streams  and 
use  secondary  oxidizer  streams  to  react  with  the  fuel  sheet  which  has  pur¬ 
posely  been  allowed  to  penetrate  (Figure  2d).  This  greatly  increases  the 
overall  design  flexibility  and  also  reduces  the  effective  oxidizer  orifice 
dimensionally. 

(U)  Another  configuration  provides  a  secondary  injection  point  for  the  fuel 
in  the  center  of  the  pintle  tip.  This  was  accomplished  by  inserting  a  con¬ 
tinuous  tube  down  the  center  of  the  pintle  tube,  thus  maintaining  parent 
metal  between  the  respective  propellants.  This  secondary  fuel  flow  is  in¬ 
jected  as  a  hollow  cone  by  inserting  a  simple  induced  swirl  (helix)  device 
near  the  tube  exit.  A  cone  angle  of  120°  is  achieved  in  this  manner.  The 
oxidizer  orifices  are  then  designed  similar  to  Figure  2b  or  2d,  where  the 
depth  of  fuel  sheet  penetration  is  controlled.  The  resulting  oxidizer, 
which  is  deflected  toward  the  central  zone  of  the  chamber,  is  then  reacted 
with  the  centrally  injected  secondary  fuel.  The  net  result  is  somewhat  of 
a  "staged"  combustion  process  (see  Figure  10) . 

(U)  In  all  of  the  configurations,  the  desired  fuel-rich  zone  at  the  cham¬ 
ber  walls  is  produced  by  the  fuel  which  reacts  with  the  top  portion  of  the 
oxidizer  streams. 

3.1.3  Combustion  Model  of  Injector 

(U)  The  coaxial  injector  concept,  unique  for  the  elimination  of  damaging 
acoustic  instability  through  geometry,  embodies  many  of  the  features  of 
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(U)  more  conventional  .njecting  but  also  has  some  features  not  readily  obtained 
with  other  injectors.  The  Injector  design  has  performance  characteristics 
dependent  upon  momentum  ratios  quite  similar  to  conventional  injectors. 

(U)  The  basic  atomization  and  mixing  control  for  the  pintle  design  is  in 
the  control  of  the  hydrodynami c  sheet  and  jet  element  sizes  along  with  the 
use  of  the  kinetic  energy  of  jet  interaction.  It  is  observed  that  a  similar 
process  occurs  for  impinging  jet  designs,  wherein  a  sheet  is  formed  which 
then  disintegrates. 

(U)  Dimensional  arguments  lead  to  the  conclusion  that  the  final  mean  drop 
size  for  a  disintegrating  sheet  or  jet  should  be  proportional  to  the  square 
root  of  the  orifice  characteristic  dimension  divided  by  the  fluid  velocity. 

This  applies  to  any  sheet- forming  process.  With  the  hypergolic  propellants 

considered  here,  it  is  not  immediately  clear  as  to  what  the  final  actual 
distribution  may  be.  If  the  hypergolicity  is  highly  energetic  and  optimum 
mixing  is  achieved,  the  initially  formed  drops  are  rapidly  shattered  into 
very  small  drops  with  associated  rapid  combustion. 

(U)  To  assure  that  peak  performance  can  occur,  it  is  necessary  to  optimize 
the  injection  hydraulics.  Where  liquid  phase  reactions  are  considered  to 
be  of  major  importance,  it  has  been  found  that  control  of  basic  momentum 
considerations  results  in  peak  performance  (Reference  2) .  The  criteria  of 
Reference  3  are  especially  applicable  in  either  case  of  sheet  or  jet  injec¬ 
tors. 

(U)  The  sheet  types  of  one-on-one  elements  should  perform  best  for 


or  in  terms  of  mixture  ratio 


A  simple  but  highly  effective  approach  to  this  control  is  obtained  through 
an  examination  of  the  gross  dynamics  of  interaction  of  fuel  and  oxidizer. 
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(U)  Initial  maximum  mixing  can  be  achieved  only  by  optimum  use  of  tne  available 
momentum  forces  (the  product  of  density  and  area  times  the  square  or  the 

velocity) . 

(U)  For  the  single-element  injector  configuration,  the  proper  areas  for 
the  fuel  and  oxidizer  are  obtained  through  an  examination  of  the  initial 
interaction  mechanics.  The  following  interaction  model  is  envisioned. 


2 

(U)  The  fuel  force  on  the  oxidizer  is  taken  as,  =  p^V^  [Aw  +ALC] 

where  C  is  a  cross  influence  term  to  account  for  the  side  interaction.  On 

the  basis  of  a  single  reflective  interaction  between  elements  for  a  fuel 

particle  a  first  approximation  to  C  is  taken  as  (L/V^Ha/s)  [1  -  NS/D^r)  which 

is  seen  to  be  an  estimate  of  the  ratio  of  time  of  flight  of  the  fuel  to  the 

dispersion  of  the  two-phase  reactants.  The  value  of  a,  which  is  a  measure 

of  the  velocity  of  a  disturbance,  is  taken  as  that  of  a  nearly  homogeneous 

two-phase  mixture  and  is  estimated  at  700  fps  for  storable  propellants. 

2 

The  oxidizer  force  on  the  fuel  is  taken  as,  F  =  p  V  WL.  The  final  momen- 

o  oo 

turn  ratio  result  for  optimal  momentum  utilization  of  the  slot  configuration 
becomes 

pfV  2  [AW  +  2  A  LC] 

-  1 

o  o 

Coaxial  injector  designs  based  upon  the  above  momentum  ratio  design  princi¬ 
ples  provide  peak  performance  at  the  optimum  momentum  ratios  as  defined 
above.  That  the  coaxial  pintle  design  will  in  fact  peak  out  in  performance 
for  a  given  design  obeying  this  type  of  behavior  is  illustrated  in  Figure  3 
for  N204/N2H4. 
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(U)  The  guidelines  presented  by  Elverum  (Reference  2)  and  Rupe  (Reference 
3)  can  be  used  to  provide  a  basis  for  the  start  of  all  combustion  analyses. 
These  studies  indicate  a  maximum  in  performance  when  the  liquid  phase  mixing 
occurs  at  essentially  the  combustion  design  mixture  ratio,  resulting  in  the 
individual  droplets  being  of  mixed  constituents  at  the  design  mixture  ratio. 
For  this  to  occur  to  the  maximum  extent  possible  requires  optimum  use  of 
the  stream  momentums  as  indicated  earlier.  This  is  particularly  true  if 
the  impinging  streams  are  highly  reactive  to  the  extent  that  complete  liquid 
phase  mixing  cannot  occur.  In  this  case,  the  injector  and  combustion  design 
must  incorporate  features  to  promote  secondary  mixing  of  the  reactants. 

(U)  The  basic  designs  are  predicated  upon  obtaining  a  strong  mechanical 
interlock  of  the  propellants,  in  order  that  optimal  liquid  phase  mixing 
can  be  forced  to  occur.  To  achieve  this  it  is  necessary  to  have  a  physical 
model  of  the  interaction.  Such  a  model  is  shown  in  Figure  4.  The  oxidizer 
is  metered  and  directed  outward  from  the  center  pintle  in  individual  streams. 
Rectangular  geometries  are  used  because  they  lend  themselves  to  ease  of 
machining  and  throttling. 


l 


P.V2  IAW  +  2ALC! 

1  +  _Li _ 

P  V  2WL 
o  o 

Figure  3.  Momentum  Correlation  For  Coaxial  Injector  With  N^/N^  (U) 
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(U)  The  fuel  intercepts  the  oxidizer  streams  as  shown,  part  of  the  fuel 
striking  the  top  surface  and  part  of  it  drops  in  between  the  oxidizer  slots. 
The  gross  reaction  scheme  is  illustrated  in  Figure  4  where  reaction  products 
drive  the  propellants  into  each  other.  The  geometry  of  the  system  of  inter¬ 
action  is  selected  on  a  design  compromise  of  performance  and  required  wall 
environments.  Performance  is  controlled  through  oxidizer  element  sizing 
and  unit  spacing  as  well  as  the  fuel  sheet  thickness.  The  unit  spacing 
selection  is  made  on  the  basis  of  achieving  a  fuel  penetration  as  shown. 
Additional  performance  tuning  can  be  accomplished  by  the  addition  of  secon¬ 
dary  oxidizer  elements  between  the  major  elements. 

3.2  NJJ./N-H,  INJECTOR  DESIGN 
2  4  2  4 

(U)  The  specific  injector  configuration  selected  for  the  program  was  a 
building  block  version  of  a  flight- type  injector  with  replaceable  injection 
elements.  The  building  block  approach  provided  flexibility  to  accommodate 
hardware  modifications  with  minimum  difficulty.  The  oxidizer  injection 
metering  slots  were  located  in  a  replaceable  ring  structurally  held  between 
the  pintle  tip  and  the  pintle  sleeve  which  were  bolted  together.  Oxidizer 
injection  area  variation  was  effected  by  replacing  metering  rings.  Three 
variations  of  the  basic  injector  were  designed. 

•  Configuration  1  -  Primary  oxidizer  slots  only 

•  Configuration  2  -  Primary  oxidizer  slots  with  secondary 

oxidizer  orifices 

•  Configuration  3  -  Primary  oxidizer  slots  with  a  secondary 

fuel  spray  provided  by  a  swirl  injector 
in  the  pintle  tip. 

In  each  of  the  three  element  configurations,  the  fuel  injection  point  was 
an  annular  gap  whose  metering  area  could  be  varied  by  changing  shims  located 
between  the  injector  body  and  injector  element  sub-assemblies. 

(U)  The  injector  was  a  bolt-up  assembly  using  ethylene-propylene  rubber 
(EPR)  O-ring  seals  on  the  fuel  side  and  Teflon  O-ring  seals  on  the  oxidizer 
side.  Assembly  and  disassembly  was  accomplished  rapidly  by  means  of  this 
bolt-up  design.  Figure  5  is  an  illustration  of  the  basic  injector  assembly. 
Figure  6  is  a  disassembled  view  of  the  injector. 

(U)  The  injector  assembly  consists  of  two  basic  subassemblies;  the  fuel  and 
oxidizer  feed  subassemblies.  The  oxidizer  feed  subassembly  consists  of  the 
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Figure  6.  Disc.  -sembled  View  Of  Injector  Details  (U) 
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(U)  inner  pintle  body,  the  outer  pintle  body,  the  orifice  ring  and  the  pintle 
tip.  The  retaining  bolt  is  inserted  into  the  oxidizer  feed  tube  of  the 
inner  pintle  body  and  threads  into  the  pintle  tip  as  illustrated  in  Figure 
7.  Figure  8  is  a  photograph  and  drawing  of  the  oxidizer  feed  subassembly. 
The  oxidizer  is  distributed  radially  outward  from  the  inner  pintle  body 
through  48  holes.  At  an  oxidizer  flow  rate  of  5.5  lb/sec,  this  results  in 
a  pressure  drop  of  3.5  psi.  The  oxidizer  is  then  metered  through  the  oxi¬ 
dizer  orifice  ring.  The  maximum  flow  velocity  in  the  oxidizer  feed  subassem¬ 
bly  is  20  ft/sec. 

(U)  The  fuel  feed  subassembly  consists  of  the  face  plate  and  the  housing 
with  the  fuel  distribution  ring  clamped  between  them.  The  fuel  feed  sub- 
assembly  is  illustrated  in  Figure  9.  The  fuel  is  distributed  from  the  in¬ 
let  within  the  injector  by  means  of  a  fuel  distribution  ring.  The  distri¬ 
bution  is  accomplished  by  means  of  36  equally  spaced  holes.  Water  flow 
tests  provided  evidence  of  uniformity  of  fuel  sheet  thickness.  The  pres¬ 
sure  loss  due  to  the  distribution  ring  is  21  psi  at  a  fuel  flow  rate  of 
4.6  lb/sec.  The  maximum  flow  velocity  in  the  fuel  manifold  is  35  ft/sec  at 
this  flow  rate. 

(u)  The  fuel  gap  adjustment  is  made  by  means  of  split  shims  shown  previously 
in  Figure  6.  Fuel  metering  area  variations  can  be  effected  by  loosening 
the  eight  bolts  securing  the  fuel  and  oxidizer  subassemblies  together,  and 
installing  the  appropriate  shims  for  the  desired  fuel  gap. 

(U)  The  oxidizer  orifice  ring  shown  in  Figures  6  and  7  can  be  changed  by 
removing  the  oxidizer  feed  subassembly  from  the  injector  assembly,  removing 
the  pintle  retaining  bolt,  and  withdrawing  the  pintle  tip  and  oxidizer  ori¬ 
fice  ring  and  then  reversing  the  process. 

(U)  Both  the  fuel  gap  adjustment  and  oxidizer  orifice  ring  can  be  changed 
with  the  injector  mated  to  the  thrust  chamber  on  the  test  stand.  This  pro¬ 
vided  injector  flexibility  by  enabling  rapid  propellant  orifice  changes 
while  maintaining  overall  firing  readiness  of  the  hardware  and  the  test 
facility. 

(U)  Configuration  1  and  2  injector  assemblies  were  identical  with  the  ex¬ 
ception  of  the  oxidizer  orifice  geometry.  The  Configuration  1  oxidizer 
orifice  ring  had  slots  cut  in  one  side  of  the  ring  only  while  the  Configur¬ 
ation  2  ring  had  primary  slots  on  the  upstream  side  of  the  ring  and  secondary 
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(U)  slots  on  the  downstream  side  of  the  ring.  Fifteen  nercent  of  the  oxidizer 
flows  through  the  secondary  slots. 

(U)  Configuration  3  differed  from  Configurations  1  and  2  in  that  the  en¬ 
tire  oxidizer  feed  subassenbly  was  designed  such  that  a  secondary  fuel  spray 
provided  by  a  swirl  injector  ir.  the  pintle  tip  was  incorporated.  A  layout 
drawing  and  photograph  of  the  Configuration  3  injector  are  shown  in  Figure 

10.  Tne  oxidizer  feed  subassenbly  for  Configuration  3  is  shown  in  Figure 

11.  Approximately  17  percent  of  the  fuel  flow  was  injected  through  the 
center  swirl.  The  oxidizer  orifice  ring  used  with  Configuration  3  was 
identical  to  Configuration  2. 

5.3  INJECTOR  FABRICATION 

(U)  The  injector  assembly  was  made  primarily  from  connon  structural  stain¬ 
less  steel.  The  face  plate,  and  outer  pintle  body  are  fabricated  from 
17-4PH  stainless  steel  hardened  to  H-900  condition.  The  inner  pintle  body, 
fuel  distribution  ring  and  housing  are  fabricated  from  304  stainless  steel. 

The  entire  injector  was  fabricated  and  assembled  in  less  than  a  month. 

(U)  The  injector  fuel  feed  subassembly  consisted  of  the  faceplate,  the  fuel 

distribution  ring  and  the  housing.  The  fuel  distribution  ring  is  held  in 

place  when  the  housing  is  bolted  to  the  face  plate.  The  only  dimensions  in 

this  assembly  that  are  critical  is  the  register  between  the  face  plate  and 

the  housing.  Tne  inside  diameter  of  the  face  plate  is  5.7500  +*®  ^  and 

+  0000  -.UUUL 

the  outside  diameter  on  the  housing  is  5.7458  _*0qo2  leavin8  froH  -0002  to 
.0006  inches  between  the  parts.  The  diameter  of  the  metering  surface  must 
be  held  concentric  to  the  bore  of  housing  within  about  0.0005  in.  TIR.  The 
concentricity  between  the  fuel  feed  subassembly  and  oxidizer  feed  subassem¬ 
bly  was  minimized  so  that  the  fuel  sheet  thickness  was  uniform  circumferen¬ 
tially. 

(U)  The  oxidizer  feed  subassembly  is  assembled  from  the  inner  and  outer 
pintle  bodies.  This  subassembly  is  described  in  Section  3.2.  The  inner 
pintle  body  is  fabricated  from  304  stainless  steel  and  the  outer  pintle 
body  is  fabricated  from  17-4PH  stainless  steel.  The  outer  pintle  utilized 
17-4PH  stainless  to  eliminate  galling  when  the  oxidizer  feed  subassembly 
is  inserted  in  the  fuel  feed  subassembly. 
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Figure  10.  Configuration  3  Injector  Assembly  (U) 
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(U)  The  oxidizer  orifice  rings  were  fabricated  from  6061  aluminum  alloy. 

The  basic  blank  ring  was  fabricated  to  size  and  then  using  a  precision 
slotting  saw  the  slots  are  added  in  accordance  with  the  desired  configur¬ 
ation. 

(U)  The  pintle  tip  was  initially  fabricated  from  304  stainless  steel  but 
problems  arose  with  pintle  tip  erosion  due  to  excessive  heating.  It  was 
decided  to  incorporate  a  material  with  higher  thermal  conductivity.  Both 
a  nickel  and  columbium  alloy  pintle  tip  were  made  and  tested.  Both  mater¬ 
ials  eliminated  the  pintle  tip  erosion  problem  and  both  pintle  tips  were 
used  throughout  the  remainder  of  the  test  program.  The  pintle  tip  is 
bolted  to  the  inner  pintle  body  holding  the  oxidizer  orifice  ring  between 
the  pintle  tip  and  outer  pintle  body. 

3.4  UNCOOLED  THRUST  CHAMBER  DESIGN 

(U)  The  uncooled  heat  sink  thrust  chamber  design  utilized  for  Task  1  is 
shown  in  Figure  12.  The  chamber  design  employs  a  mild  steel  cylindrical 
chamber  section  and  a  copper  (sea-level  expansion)  nozzle  throat  section. 

The  chamber  was  designed  to  give  nominal  run  durations  of  four  seconds. 

The  chamber  characteristic  length  (L*)  could  be  varied  by  simply  changing 
the  cylindrical  spool  section.  The  nominal  L*  for  the  engine  was  50  inches. 
A  shorter  cylindrical  section  which  reduced  the  L*  to  35  inches  was  also 
fabricated  and  tested.  The  inside  diameter  of  the  chamber  is  six  inches 
which  results  in  a  contraction  ratio  of  4.9. 

(U)  The  nozzle  incorporates  a  30-degree  convergence  angle  and  a  full  radius 
throat  blended  into  a  15°  half  angle  nozzle.  The  nozzle  expansion  was 
truncated  at  an  area  ratio  of  3.5  to  give  optimum  expansion  for  test  site 
ambient  pressure. 

(U)  The  injector  was  mated  to  the  uncooled  thrust  chamber  flange  by  means 
of  twelve  1/2  inch  bolts.  The  inj ector/ chamber  alignment  is  accomplished 
by  use  of  two  1/4  inch  dowel  pins  in  the  injector  and  mating  holes  in  the 
chamber.  Sealing  at  the  inj ector/ chamber  interface  is  through  use  of  sili¬ 
cone  rubber  0-rings.  In  the  initial  design,  two  0-ring  seals  were  used  to 
provide  a  redundant  gas  seal.  Subsequently,  an  ablative  face  plate  liner 
was  added  to  protect  the  injector  face  plate.  To  accommodate  the  ablative 
liner,  a  step  was  machined  in  the  inside  diamter  of  the  cylindrical  chamber, 
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(II)  thereby  eliminating  the  inner  seal.  Over  one  hundred  tests  wen  conducted 
using  just  the  single  seal  and  there  was  not  one  instance  of  a  gas  leak. 

(U)  The  cylindrical  section  and  the  nozzle  section  of  the  uncooled  thrust 
chamber  are  joined  together  by  use  of  a  ring  and  flange  arrangement  as  shown 
in  Figure  12.  A  steel  ring  with  twelve  clearance  holes  for  1/2  inch  bolts 
is  slipped  over  the  nozzle  until  it  engages  the  upper  flange  on  nozzle. 

The  ring  is  then  bolted  to  the  chamber,  securing  the  nozzle  to  the  cylindri¬ 
cal  section. 

(U)  Sealing  at  the  chamber/nozzle  interface  is  through  use  of  a  crushable 
face  seal  of  "Durabla"  asbestos  sheet  gasket  material.  The  seals  are  made 
in  the  form  of  flat  rings  which  slip  into  a  serrated  groove  about  1/8  inch 
deep.  The  nozzle  section  has  a  mating  serrated  tongue  which  compresses  the 
gasket  forming  the  seal.  No  instances  of  gas  leakage  were  experience  in 
one  hundred  and  twenty-nine  tests  using  this  sealing  method. 

(U)  The  uncooled  thrust  chamber  was  instrumented  for  static  and  dynamic 
pressure  measurements.  Dual  static  pressure  measurements  are  provided  at 
the  injector  face  and  at  the  start  of  nozzle  convergence.  Dynamic  pressure 
measurements  are  achieved  through  the  use  of  Photocon  water-cooled  high 
frequency  transducers.  Five  Photocon  ports  were  provided;  three  near  the 
injector  end  of  the  cylindrical  seccion  and  two  near  the  start  of  nozzle 
convergence.  The  cylindrical  section  of  the  thrust  chamber  has  six  fixtures 
through  which  probe  type  thermocouples  are  inserted  to  measure  inside  wall 
temperature.  The  copper  nozzle  contains  nine  calorimetric  plug  thermocouples 
to  measure  heat  flux  in  the  nozzle. 

3.4.1  Pulse  Gun 

(U)  The  pulse  gun  used  fcr  dynamic  stability  testing  was  a  design  which 
has  been  extensively  used  at  the  Air  Force  Rocket  Propulsion  Laboratory 
(for  example  see  Reference  4).  Operation  of  the  pulse  gun  requires  a  28 
volt  signal  to  a  small  detonating  primer  containing  about  2  grains  of  explo¬ 
sive.  The  resulting  explosion  forces  the  firing  pin  to  strike  the  center- 
fire  primer  of  a  cartridge  contained  in  the  gun  breech.  This  percussion 
primer  in  turn  ignites  the  gun  powder  charge.  When  sufficient  pressure  has 
been  built  up  in  the  breech,  the  burst  diaphragm  ruptures  and  the  relief  of 
the  breech  pressure  forms  a  shock  which  propagates  down  the  barrel.  In  this 
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(U)  application,  a  .300  Magnum  cartridge  loaded  with  50  grains  of  Hercules 

Bullseye  gun  powder  was  used  in  combination  with  a  20,000  psi  burst  disc. 

3.4.2  Non- Directional  Bombs 

(U)  xhe  bomb  used  to  demonstrate  dynamic  stability  was  of  a  design  for 
which  extensive  test  experience  at  TRW  has  been  accumulated.  A  sectional 
view  of  this  design  is  shown  in  Figure  13.  The  bomb  case  is  fabricated 

from  Type  1  Nylon.  The  adaptor  is  machined  to  enable  the  bomb  to  be  inser- 

ted  in  a  Photocon  transducer  port.  Detonation  of  the  bomb  requires  a  28 
volt  signal  to  the  detonating  primer. 

(U)  The  bombs  were  initially  loaded  with  a  # 6  Hercules  detonator  and  7.1 
grains  of  RDX.  These  bombs  had  an  explosive  force  of  10  grains  of  RDX 
(12.9  grain  TNT  equivalent).  The  second  lot  of  bombs  loaded  contained  a 
#6  detonator  and  22.1  grains  of  RDX.  The  total  explosive  force  of  the 
second  lot  was  25  grains  of  RDX  (32.5  grain  TNT  equivalent). 

3.5  UNCOOLED  THRUST  CHAMBER  FABRICATION 

(U)  The  cylindrical  section  of  the  uncooled  thrust  chamber  was  fabricated 
from  1020  mild  steel  and  the  nozzle  section  from  hot  rolled  Oxygen  Free 
High  Conductivity  (OFHC)  copper.  The  nozzle  section  was  attached  to  the 
cylindrical  section  by  means  of  a  carbon  steel  ring  and  flange  arrangement 
as  shown  in  Figure  12. 

(U)  The  cylindrical  chamber  section  was  fabricated  from  seamless  steel 
tubing  with  one  inch  thick  walls.  Flanges  for  mating  the  injector  to  the 
chamber  and  for  mating  the  nozzle  were  welded  to  the  tubing.  The  cylindri¬ 
cal  section  was  then  final  machined.  Five  ports  were  machined  into  the 
cylindrical  section  to  accept  Model  352A  Photocon  transducers.  Two  tan¬ 
gential  pulse  gun  ports  were  welded  to  the  chamber  and  the  entry  ports  then 
drilled.  Six  probe  type  thermocouple  ports  were  provided  by  welding  a 
compression  fitting  to  the  chamber  and  then  drilling  and  reaming  the  port. 
Two  ports  were  drilled  in  the  downstream  flange  for  measuring  downstream 
static  chamber  pressure. 

(U)  The  nozzle  section,  fabricated  of  OFHC  copper,  had  nine  thermocouple 
calorimetric  plugs.  Three  plugs  were  located  in  three  rows  120  degrees 
apart.  Three  plugs  were  located  in  the  convergent  section,  three  in  the 
geometric  throat  and  three  in  the  divergent  section.  Installation  of  these 
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Figure  13.  Non-directional  Bomb  Configuration  (.U) 
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(U)  plugs  in  the  nozzle  represented  the  most  difficult  fabrication  problems, 
because  of  the  difficulty  in  establishing  a  true  reference  point  from  an 
angle  and  a  complex  contour. 

(U)  Assembly  of  the  thermocouple  in  the  calorimetric  plug  was  accomplished 
by  inserting  the  thermocouple  wire  into  the  drilled  hole  in  the  center  of 
the  plug.  The  copper  metal  of  the  plug  was  then  peened  to  secure  the  wire 
in  the  hole.  Twelve  holes  were  drilled  in  the  exit  end  of  the  nozzle  and 
3/8  inch  internal  thread  inserts  installed  to  allow  a  pressure  check  plate 
to  be  attached. 

3.6  ABLATIVE  THRUST  CHAMBER  DESIGN 

(’J)  The  ablative  thrust  chamber  designed  for  the  Task  2  injector/ chamber 
compatibility  tests  had  the  same  inside  physical  dimensions  as  the  uncooled 
thrust  chamber.  Figure  14  is  a  layout  of  the  ablative  thrust  chamber  assem¬ 
bly.  The  thrust  chamber  liner  is  made  from  MX  2600  silica  phenolic  ablative 
material  oriented  60  degrees  to  the  centerline.  The  liner  is  contained 
within  a  mild  steel  shell.  The  ablative  thrust  chamber  assembly  is  pictured 
in  Figure  15. 

(U)  Provision  was  made  for  installing  thermocouples  in  six  locations  in  the 
ablative  liner.  Three  thermocouples  120  degrees  apart  are  in  the  throat 
plane  and  three  at  the  start  of  nozzle  convergence.  The  thermocouples  are 
made  by  forming  the  junction  at  the  end  of  a  plug  of  MX  2600  and  inserting 
the  plug  in  the  ablative  liner.  The  plug  was  then  sealed  with  an  epoxy 
cement . 

3.7  INJECTOR  HYDRAULICS/COMBUSTION  DYNAMICS  INTERACTION  STUDY 

(U) 

A  non-linear  hybrid-computer  model  of  the  3K  N^O^/N^^  injector,  com¬ 
bustion  chamber  and  propellant  feed  system  was  formulated  and  utilized  to 
define  the  degree  of  interaction  between  the  engine  combustion  and  injector 
assembly  dynamics.  Computer  studies  were  conducted  to  establish  the  effect 
of  various  system  parameters  on  system  pressure  oscillations  induced  by  a 
simulated  bomb  perturbation  within  the  combustion  chamber.  The  parameters 
considered  in  this  analysis  included: 

•  Combustion  Chamber  Overpressure 

•  Oxidizer/Fuel  Injector  Pressure  Drop 

•  Oxidizer/Fuel  Injector  Manifold  Volume  (Propellant  Compressibility) 
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•  Oxidizer/Fuel  Injector  Manifold  Inductance  (Propellant  Inertia) 

•  Oxidizer/Fuel  Injector  Time  Delay 
The  injector  time  delay  is  defined  as  follows 

T  1.  A.  p 

injector  - : - 

i 

where : 

1  •  =  distance  from  injector  orifice  to  oxidizer/fuel  impingement  point 

=  injector  orifice  area 
Pp  =  effective  propellant  density 

'  w.  =  injector  flow  rate 

C1-1)  The  results  of  this  study  established  the  effect  of  the  system. para¬ 
meters  outlined  above  on  the  pressure  recovery  characteristics  following  a 
simulated  chamber  bomb  perturbation.  The  effect  of  changes  in  these  para¬ 
meters  on  chamber  pressure  amplification  for  a  stochastic  chamber  pressure 
disturbance  was  not  established  as  part  of  this  analysis.  The  system  res¬ 
ponse  to  a  stochastic  disturbance  in  the  chamber  pressure  may  indicate  a 
different  degree  of  sensitivity  to  the  above  system  parameters. 

(U)  The  results  of  the  analysis  effort  established  that  the  baseline  3K 
N2°4^N2H4  en8ine  configuration  exhibits  a  high  degree  of  damping  in  chamber 
pressure  recovery  after  a  simulated  bomb  perturbation  of  490  psi  (above 
nominal  chamber  pressure  of  300  psia)  in  the  combustion  chamber.  The  high 
degree  of  stability  is  evident  in  Figure  16  which  is  representative  of  a 
computer  run  for  the  baseline  3K  engine  configuration. 

(U)  Parametric  studies  were  also  made  (at  a  nominal  mixture  ratio  of  1.2) 
to  determine  the  effect  of  system  parameters  on  chamber  pressure  ard  oxi¬ 
dizer/fuel  feed  line  pressure  recovery  characteristics  after  a  simulated 
bomb  perturbation  in  the  combustion  chamber.  The  results  of  these  investi¬ 
gations  were  as  follows: 

•  Increased  chamber  overpressure  results  in  decreasing  the  effec¬ 
tive  damping  and  increasing  the  recovery  time  exhibited  by  the 
chamber  pressure  after  a  simulated  bomb  disturbance. 
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•  Oxidizer  injector  pressure  drop  is  a  critical  parameter  in  sta¬ 
bilizing  chamber  pressure  oscillations.  Increasing  the  oxidizer 
injector  pressure  drop  from  a  nominal  of  120  psi  tends  to  in¬ 
crease  the  effective  damping  exhibited  by  the  chamber  pressure 
but  does  not  significantly  decrease  the  recovery  time. 

•  Engine  recovery  tiee  was  found  to  be  insensitive  to  fuel  injec¬ 
tor  pressure  drop. 

6  Increases  in  the  compressibility  of  the  propellants  in  the  Injec¬ 
tor  manifold  resulting  from  larger  manifold  volumes  or  dissolved 
gases  in  the  propellant  tends  to  destabilize  the  engine. 

•  Increases  in  the  oxidizer  inertia  in  the  injector  manifold  re¬ 
sulting  from  larger  effective  manifold  lengths  or  smaller  effec¬ 
tive  cross-sectional  manifold  areas  tend  to  stabilize  the  engine. 

•  Increases  in  the  fuel  inertia  in  the  injector  manifold  resul¬ 
ting  from  larger  effective  manifold  length  or  smaller  effec¬ 
tive  cross-sectional  areas  rend  to  destablize  the  engine. 

•  Increases  in  the  oxidizer  injector  time  delay  is  a  stabilizing 
factor  over  a  range  of  1  to  50  times  noainal.  Above  a  ratio 
of  50  times  nominal,  increasing  the  injector  time  delay  tends 
to  be  a  destabilizing  factor. 

•  Increases  in  the  fuel  injector  time  delay  has  a  stabilizing 
effect  on  chamber  pressure  oscillations  over  an  injector  time 
delay  range  from  2  to  10  times  nominal.  Above  10  times  nominal, 
the  fuel  injector  time  delay  has  a  destabilizing  effect  on 
chamber  pressure  oscillations  resulting  from  a  bomb  perturba¬ 
tion  in  the  combustion  chamber. 

•  The  oxidizer  injector  time  delay  has  a  stabilizing  effect  on 
the  chamber  pressure  over  a  larger  range  than  the  fuel  injector 
time  delay. 
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,'gure  16.  Injector/Eeed  System  Dynamic  Model  Results  (U) 
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4.  TEST  EVALUATION 


(U)  Upon  completion  of  the  Phase  I  analytical  and  design  effoi  ;,  two  injec¬ 
tor  assemblies  and  sea- level  expansion  thrust  chambers  were  fabricated  to 
provide  test  hardware  for  obtaining  both  injector  performance  and  heat  trans¬ 
fer  data.  Both  injector  assemblies  had  the  capability  of  accepting  any  of 
the  three  injection  element  configurations.  As  described  earlier,  the  in¬ 
jector  was  designed  to  provide  capability  for  hardware  modification  while 
maintaining  test  stand  readiness. 

(u)  The  initial  experimental  efforts  were  directed  toward  evaluating  three 
injection  element  configurations  in  order  to  select  the  element  which  best 
meets  the  design  goals  of  mixture  ratio  flexibility,  dynamic  stability, 
good  performance,  and  injector- chamber  compatibility.  This  effort  consis¬ 
ted  of  basic  cold  flow  studies  and  hot  firing  tests.  Following  this,  the 
selected  injector  configuration  was  tested  in  detail  to  fully  characterize 
its  performance  in  terms  of  engine  specific  impulse,  resultant  thrust 
chamber  heat  transfer  characteristics,  combustion  noise,  and  dynamic  stabil¬ 
ity.  Subsequently,  a  minimum  effort  injector/ chamber  compatibility  test 
phase  was  conducted  using  near  flight  type  ablative  chambers. 

4.1  INJECTOR  DEVELOPMENT  COLD  FLOW  STUDIES 

(U)  The  injector  cold  flow  studies  encompassed  three  parts.  The  basic 
hydraulic  operating  characteristics  were  determined  from  pressure  drop, 
mass  flow,  and  visual  observations.  Secondly,  tests  were  conducted  to  cha¬ 
racterize  fuel  and  oxidizer  spray  uniformity  through  visual  observations 
and  through  measurements  of  spray  momentum.  Finally,  cold  flow  characteri¬ 
zation  for  the  purpose  of  correlating  with  hot  firing  results  was  attempted. 
With  respect  to  the  latter  effort,  this  effort  marked  an  initial  effort  at 
TRW  to  provide  such  characterization. 

4.1.1  Injector  Hydraulic  Characterization 

(U)  The  initial  phase  of  the  cold  flow  experimental  program  was  performed 
to  determine  flowrate-pressure  drop  characteristics,  mass  and  mixture  ratio 
distributions  and  overall  impingement  characteristics.  The  flowrate-pres¬ 
sure  drop  characteristics  were  determined  using  water,  with  results  for 
two  of  the  oxidizer  orifice  rings  appearing  in  Figure  17  and  in  Figure  18 


UNCLASSIFIED 


UNCLASSIFIED 


AFRPL-TR-69-231 
Page  37 


UNCLASSIFIED 


Figure  17.  Hydraulic  Characteristics  of  Oxidizer  Orifice  Rings  (U) 
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(U)  for  the  fuel  subassembly.  Also  plotted  on  Figure  17  is  the  equivalent  curve 
for  nitrogen  tetroxide.  Actual  hot  firing  data  are  also  plotted  on  these 
figures  for  comparison  with  cold  flow  data.  Table  1  presents  a  comparison 
of  the  oxidizer  orifice  discharge  coefficients  for  both  hot  firing  and  cold 
flow  tests.  In  addition  to  overall  injector  pressure  drop  data,  the  various 
pressure  drops  associated  with  the  components  which  comprise  the  overall 
drop  were  determined.  These  included:  1)  oxidizer  distribution,  2)  fuel 
distribution,  and  3)  oxidizer  and  fuel  injection  gaps.  This  was  necessary 
so  that  actual  injection  J^P's  and  hence  injection  velocities  could  be  de¬ 
termined. 

(U)  The  overall  impingement  characteristics  are  determined  visually. 

Figure  19  presents  a  photograph  of  the  resultant  spray  pattern  and  reveals 
the  high  degree  of  atomization  and  also  shows  good  circumferential  unifor¬ 
mity. 

4.1.2  Injector  Cold  Flow  Momentum  Tests 

(U)  A  series  of  cold  flow  tests  were  conducted  to  characterize  fuel  and 
oxidizer  spray  uniformity  through  visual  observations  and  through  measure¬ 
ments  of  spray  momentum.  Photographs  of  the  test  equipment  are  shown  in 
Figures  20  through  23. 

(U)  Oxidizer  Visual  Observation  -  The  oxidizer  subassembly  was  mounted  on 
the  pattemator  test  stand.  Figure  20,  and  water  flowed  for  visual  obser¬ 
vation  of  the  oxidizer  orifices.  The  flow  rate  was  set  at  3.86  pounds  per 
second  of  water  at  an  inlet  pressure  of  116.8  psig-  This  is  the  equivalent 
volumetric  flow  rate  run  during  the  hot  firing  test  series.  Visual  obser¬ 
vations  are  made  to  determine  if  any  streams  are  unstable  (flutter),  which 
streams  are  broader  or  narrower  .than  the  nominal,  and  whether  the  streams 
are  displaced  vertically  or  circumferentially  from  adjacent  sprays.  A 
photograph  of  the  oxidizer  element  streams  at  the  nominal  volumetric  flow 
rate  is  shown  in  Figure  23. 

(U)  Fuel  Sheet  Visual  Observation  -  The  injector  was  mounted  to  the 
patternator  test  stand  and  water  flowed  through  the  fuel  side.  The  fuel 
metering  gap  was  set  by  inserting  the  appropriate  shim  between  the  fuel  and 
oxidizer  feed  subassemblies.  The  fuel  sheet  was  observed  at  three  water 
flow  rates;  3.88,  4.59  and  5.77  pounds  per  second. 
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Figure  19.  Combined  Oxidizer  And  Fuel  Injector  Circuit  Cold  Flow  (U) 


_  AFRPL-TR-69-231 

UNCLASSIFIED 

Table  1.  Actual  Discharge  Coefficients  Of  Oxidizer  Orifice  Rings  (U) 


Configuration 

Number 

Number  of 
Slots 

Nominal 
Pressure  Drop 
(psi) 

Discharge 
Coefficient 
(cold  flow) 

Dischargi 
Coefficient 
(hot  firin' 

1A 

36 

90 

0.62 

0.74 

IB 

48 

100 

0.66 

0.82 

1C 

72 

90 

0.74 

0.84 

ID 

36 

130 

0.66 

0.73 

2A 

36/36 

90 

0.71 

0.74 

2B 

36/36 

150 

0.75 

0.80 

2C 

36/36 

115 

0.76 

0.78 

2D 

36/36 

175 

0.78 

0.82 

2E 

36/36 

150 

0.80 

0.80 

2F 

36/36 

150 

0.81 

0.85 

2G 

36/36 

150 

0.78 

0.80 

2H 

36/36 

200 

0.72 

0.79 

2d 

36/36 

150 

0.79 

0 .80 

(see  Figure  31  for  orifice  ring  geometries) 
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Momentum  Measurement  Set-up  (U) 
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Figure  22.  Fuel  Sheet  Momentum  Measurement  Set-up  In  Operation  (U) 
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(U)  Oxidizer  Momentum  Tests  -  The  oxidizer  feed  subassembly  was  adapted 
to  the  momentum  test  fixture  and  tests  were  made  to  measure  the  momentum 
of  each  oxidizer  spray.  Figure  20  shows  the  complete  test  set  up;  inclu¬ 
ding  the  patternator  test  stand,  the  momentum  test  fixture,  and  the  momen¬ 
tum  data  collecting  and  recording  equipment.  Figure  21  is  a  close-up 
photograph  of  the  oxidizer  momentum  probe  and  its  drive  mechanism. 

(U)  Briefly,  the  set-up  and  operation  of  the  equipment  is  as  follows:  the 
injector  assembly  is  mounted  to  the  momentum  carriage  and  drive  mechanism. 

The  probe  is  mounted  to  the  carriage  and  aligned  with  the  oxidizer  stream.  A 
constant  drive  motor  turns  the  carriage/probe  assembly  around  the  circum¬ 
ference  of  the  injector.  (The  probe  is  a  strain  gage  instrument  which  measures 
the  force  of  each  stream  as  it  passes  through  the  stream) .  The  circumferen¬ 
tial  travel  (measured  by  a  potentiometer),  and  the  force  readings  are  recorded 
on  an  X-Y  plotter. 

(U)  The  results  of  a  typical  oxidizer  momentum  test  are  shown  in  Figure  24 
for  the  2B  orifice  ring  configuration.  This  figure  shows  the  momentum  pro¬ 
files  of  all  36  primary  and  36  secondary  streams  as  measured  at  each  of 
three  radial  distances  from  the  oxidizer  slots. 

(U)  Close-in  momentum  measurements  are  useful  in  assessing  the  overall 
mass  flow  distribution  and  primary/secondary  flow  ratios.  Differences  in 
stream  direction,  breakup,  stability,  and  other  variables  affecting  the 
wall  environment  become  more  apparent  as  the  probe  is  moved  away  from  the 
injector  slots.  The  variation  in  primary  oxidizer  spray  momentum  at  various 
distances  from  the  injector  slots  is  illustrated  in  Figure  24.  As  can  be 
seen,  the  non-uniformity  in  the  spray  characteristics  of  this  injector  are 
most  accentuated  at  a  distance  of  2.3  inches  from  the  slots,  which  repre¬ 
sents  the  chamber  wall.  The  tests  were  made  at  a  water  flow  rate  of  3.86 
pounds  per  second  and  an  inlet  pressure  of  116.8  psig.  Data  was  acquired 
at  three  different  radial  positions  from  the  element;  0.3,  1.3  and  2.3 
inches  from  the  oxidizer  slots.  The  probe  used  for  these  tests  was  0.050 
inch  wide. 

(U)  Fuel  Sheet  Momentum  Tests  -  The  fuel  sheet  momentum  fixture  is  shown 
in  operation  in  Figure  22.  An  0.074  inch  wide  probe  was  positioned  under 
the  step  at  the  end  of  the  injector  element  sleeve.  Operation  of  the  equip¬ 
ment  was  essentially  the  same  as  for  the  oxidizer  momentum  testing. 
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Momentum  Test  Results  (U) 
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(U)  The  testing  consisted  of  collecting  momentum  data  at  3  flow  rates  (cor¬ 
responding  to  the  three  different  mixture  ratios  for  this  engine),  with  the 
injector  fuel  sleeve  concentricity  maintained  as  accurately  as  possible. 

(U)  The  results  of  this  test  are  shown  in  Figure  25.  The  mass  flow  distri¬ 
bution  in  the  fuel  sheet  is  relatively  uniform;  i.e.,  the  average  momentum 
is  approximately  the  same  around  the  entire  circumference  of  the  element. 

A  slight  bias  in  flow  does  exist,  however,  with  the  high  po'.nt  being  around 
250°  from  the  inlet  and  the  low  around  90°  from  the  inlet.  At  the  highest 
flow  rate  tested,  this  bias  was  in  the  order  of  15%  (.038  lb  momentum). 

4.1.3  Cold  Flow  Correlation  Tests 

An  attempt  was  made  to  correlate  cold  flow  patternation  data  with  hot 
firing  results.  F.fforts  of  this  sort  have  previously  been  reasonably  suc¬ 
cessful  with  conventional  injectors.  The  TRW  coaxial  injector  requirements 
for  high  performance  follow  basically  those  of  conventional  injectors, 
atomization  and  mixture  ratio  distribution  uniformity;  however,  whereas 
impinging  jet  injectors  may  require  heavy  emphasis  on  atomization,  the  TRW 
coaxial  injector  requires  more  emphasis  on  mass  and  mixture  ratio  uniformity. 

(b)  To  obtain  this  data,  the  coaxial  injector  requires  a  different  approach 
to  collection  of  cold  flow  simulants  than  is  normally  used  for  conventional 
injectors.  Both  circumferential  and  longitudinal  distributions  must  be 
determined. 

(U)  The  mass  and  mixture  ratio  distributions  were  obtained  with  the  use  of 
the  apparatus  shown  in  Figure  26.  This  water  flow  patternation  fixture, 
developed  by  TRW,  is  located  at  the  Capistrano  Test  Site's  Hydraulic  Labor¬ 
atory.  This  fixture  has  the  capability  of  measuring  the  mass  and  mixture 
ratio  distribution  of  an  injector  by  diverting  the  fluids  into  1/4  inch 
tubes  located  about  six  inches  from  the  injector.  This  equipment  collects 
the  flow  from  the  injector  in  tubes  spaced  both  circumferentially  and  lon¬ 
gitudinally,  resulting  in  a  determination  of  the  circumferential  uniformity 
of  the  spray  and  in  the  mass  and  mixture  ratio  gradients  through  the  spray 
fan.  Mixture  ratio  was  measured  by  flowing  trichloroethylene  through  the 
oxidizer  side  and  water  through  the  fuel  side. 

(U)  The  propellant  simulants  of  trichloroethylene  and  water  were  selected 
since  they  are  reportedly  immiscible  and  the  densities  are  nearly  those  of 
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(.U)  the  actual  piopellants;  however,  the  TRW  coaxial  flow  injectors  of  high  per¬ 
formance  quality  provided  such  intimate  mixing  and  atomisation  that  the  tri¬ 
chloroethylene  was  virtually  emulsified  into  the  water.  Translation  from 
simulant  to  actual  propellants  is  made  by: 


propellants 


Because  the  trichloroethylene  emulsified,  water  was  used  as  a  simulant  for 
both  propellants  with  a  dye  in  the  fuel.  Chemical  analyses  were  then  made 
to  measure  mixture  ratio  in  each  stream  tube. 

(U)  Circumferential  distribution  is  found  to  be  easily  achieved  with  the 
radial  flow  coaxial  injector  and  minor  nonuniformities  do  not  severely 
affect  either  the  performance  or  wall  thermal  environment.  Prior  to  hot 
firing,  each  injector  was  water  flowed  to  insure  basic  circumferential  uni¬ 
formity.  However,  the  longitudinal  distribution  of  both  mass  and  mixture 
ratio  is  found  to  be  of  primary  importance  to  both  performance  and  thermal 
environment.  The  collector  used  has  tubes  spaced  5°  in  the  range  from  30° 
to  90°  from  the  centerline.  This  provides  for  a  detailed  measurement  of 
the  gradients  through  the  resulting  spray  fan. 

(u)  A  stream  tube  analysis  can  be  used  to  determine  the  combustion  effi¬ 
ciency  of  any  injector  design  from  the  cold  flow  data.  Several  assumptions 
are  implicit  in  the  case  of  cold  flow  data  to  predict  hot  firing  results. 
These  are: 

•  no  reaction  effects  on  mixing 

•  no  propellant  vaporization  effects  on  mixing 

•  no  secondary  mixing  downstream 

(U)  In  addition  to  these,  if  the  ratio  of  specific  heats  variation  is  small 

for  wide  mixture  ratio  variation,  the  cold  flow-hot  firing  correlation  is 

quite  simple.  Each  collector  tube  is  taken  as  a  stream  tube  having  mass, 

a).,  and  mixture  ratio,  r..  The  mass  in  each  tube  is  normalized  with  res- 
i  l 

pect  to  the  total  mass  sample  collected,  io .  /to  .  The  tube  mixture  ratio  can 
*  it 

be  equated  to  a  C.  for  that  tubes.  The  total  predicted  C*  is  the  sum  of 

^  *  * 
the  predicted  C*'s  from  each  tube,  w^/u.t  C^. 
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The  predicted  combustion  efficiency  is  the  ratio  of  the  predicted  C*  and  t  :e 
theoretical  equilibrium  C*  for  the  nominal  injector  mixture  ratio. 


C*/C* 


theo 


(C)  The  oxidizer  elements  were  cold  flow  tested  to  determine  the  predicted 
combustion  efficiency  and  expected  wall  environment.  The  mass  and  mixture 
ratio  distribution  for  these  elements,  simulating  a  MR  of  0.92,  are  shown 
in  Figure  27.  Using  the  stream  tube  analysis,  a  predicted  combustion  effi¬ 
ciency  of  89.5%  was  determined.  Actual  hot  firing  results  show  a  C*  effi¬ 
ciency  of  95.5%.  Additionally,  the  hot  firing  results  showed  that  the  mix¬ 
ture  ratio  adjacent  to  the  thrust  chamber  wall  was  fuel-rich,  whereas  the 
cold  flow  data  predicted  an  oxidizer-rich  environment. 

(0)  It  would  appear  that  the  reaction  nature  of  the  propellants  strongly 
influence  the  results.  The  slotted  type  injector  results  in  a  fuel-oxidizer 
interlock  system  where  the  highly  volatile  fuel  is  confined  within  the  ini¬ 
tial  reacting  zone. 

4.2  EXPERIMENTAL  FACILITY  AND  PROCEDURES 

(U)  The  experimental  facility  used  for  testing  of  the  N^O^/N^H^  injector 
was  the  High  Energy  Propellant  Test  Stand  (HEPTS)  located  on  the  northern 
boundary  of  TRW  Systems  Capistrano  Test  Site.  The  Capistrano  Test  Site 
(CTS)  is  approximately  75  miles  south  of  the  main  TRW  Systems  complex  in 
Redondo  Beach. 

(U)  The  High  Energy  Propellant  Test  Stand  (HEPTS)  is  a  multi-position  test 
complex  comprising  a  control  center  and  two  major  test  modules  (A  and  B, 
each  fitted  with  tank  bays  and  two  vertical  open-air  firing  positions) , 
plus  two  low-thrust  altitude  test  positions  and  a  complete  propulsion  system 
altitude  test  cell.  The  HEPTS  A-l  cell,  which  was  utilized  for  this  pro¬ 
gram,  contains  a  position  for  firing  N20^-oxidized  propellants  in  engines 
rated  to  15,000  lb^  thrust.  The  HEPTS  A-l  cell  propellant  supply  is  two 
400-gallon,  750  psig  working  pressure  run  tanks  (one  each  for  fuel  and 
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(U)  oxidizer)  with  1-1/2  inch  diaiaecer  lines.  A  nitrogen  cascade  svstets  nres- 
surizes  the  propellant  tankage  and  supplies  engine  purges.  Figure  28  illus¬ 
trates  the  general  arrangement  of  the  HEPTS  A-module  with  the  N70^/N?H^ 
engine  installed.  Figure  29  is  a  schematic  of  the  feed  system. 

tU)  Engine  test  data  are  transmitted  via  twin  conductor-shielded  cables 
from  the  test  position  to  the  HEPTS  Control  Center.  An  SDS  92S  (and/or 
SDS  950)  computer  in  the  Main  Control  Center  is  programmed  for  post-test 
computation  of  most  of  the  important  rocket  engine  performance  parameters. 
Input  is  prerecorded  tape  from  the  digital  tape  recorders.  It  also  pro¬ 
vides  engineering  units  reduction  of  parameter  data  recorded  on  the  digital 
tape.  Primary'  output  devices  are  a  120- character,  10  line-per-second 
printer,  and  an  8-channel  digital-to-analog  converter. 

4.2.1  Thrust  Measurement 

(U)  The  thrust  measurement  stand  mounted  in  the  HEPTS  A-l  cell  is  a  double 
A-frame  configuration  bolted  directly  to  the  stand  structure.  (See  Figure 
28) .  The  engine  bolts  to  a  yoke  which  transmits  the  force  through  an 
Ormond  flexure  to  a  dual  bridge  load  cell  (measurement  load  cell)  firmly 
fixed  to  the  stand  structure.  Axial  location  of  the  yoke  is  maintained  by 
two  flexures  at  90  degrees  to  one  another.  Original  alignment  of  the  yoke 
is  accomplished  by  sighting  with  a  transit.  Remote  calibration  is  achieved 
using  an  electric  motor  and  reduction  gear  arrangement  with  a  standard  load 
cell  mounted  atop  the  thrust  stand.  The  gear  box  converts  the  rotary  motion 
of  the  motor  into  translational  motion  of  a  shaft  which  presses  down  on  the 
standard  cell  putting  it  in  compression.  The  plate  upon  which  the  gear  box 
is  mounted  floats  freely  above  the  standard  cell  supported  on  three  tie  reds 
from  the  main  thrust  yoke.  As  force  is  applied  to  the  calibration  cell, 
tension  is  placed  on  the  tie  rods  which  draw  up  on  the  thrust  yoke,  placing 
the  measurement  cell  in  compression  equal  to  that  on  the  standard  cell. 
Calibration  force  levels  are  set  by  reading  the  standard  cell  output  on  a 
digital  voltmeter.  This  calibration  method  has  demonstrated  itself  to  be 
quick,  reliable,  and  trouble-free,  allowing  actual  force  calibrations  of 
the  thrust  system  with  the  engine  installed  immediately  prior  to  testing. 

This  thrust  stand  and  calibrator  have  been  tested  extensively  for  accuracy 
and  repeatability.  Numerous  calibrations  were  run  during  which  the  thrust 
stand  demonstrated  very  low  nonlinearity  (approximately  0.1  percent)  and 
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Schematic  Of  Test  Stand  Feed  System  (U) 
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(U)  hysteresis  (approximately  0.1  percent).  Repeatability  was  excellent.  As 
a  final  check,  an  accurately  known  force  was  placed  against  the  thrust  yoke, 
simulating  a  firing.  This  force  was  reported  by  the  system  with  an  accuracy 
of  better  than  0.1  percent  at  the  recorder. 

4.2.2  Flow  Measurement 

(0)  Flow  rate  measurement  of  both  propellants  was  achieved  with  Fischer- 
Porter  turbine  type  flowmeters  (10C1S10A).  The  reliability  of  these  meters 
has  beer,  such  that  one  pair  in  each  propellant  line  was  used  for  the  entire 
program  with  no  problems.  The  calibration  used  up  to  that  time  was  satis¬ 
factory  with  actual  propellants.  The  flow  calibration  facility  used  nitro¬ 
gen  tetroxide  and  hydrazine. 

(U)  The  flowmeter  calibration  facility  at  CTS  is  a  closed  loop  system,  in¬ 
corporating  cavitating  venturis  downstream  of  the  flowmeters  to  prevent  any 
effect  on  flow  rate  of  receiver  tank  pressure  rise.  The  system  includes  a 
400-gallon  run  tank;  a  300-gallon  catch  tank;  an  electronic  counter  for  de¬ 
termining  flowmeter  revolutions;  and  a  load  cell  and  digital  voltmeter  for 
determining  the  weight  of  propellant  transferred  into  the  receiver  tank. 

This  weight  system  is  dead  weight  calibrated  prior  to  each  flowmeter  series. 
Error  analysis  of  this  system  has  indicated  accuracy  in  determination  of 
meter  constants  on  the  order  of  0.25  percent. 

4.2.3  Pressure  Measurement 

(U)  All  pressure  transducers  used  on  the  program  were  Taber-Teledyne  strain 
gage  transducers  with  the  exception  of  three  Photocon  Model  352A  transducers 
to  measure  high  frequency  chamber  pressure  fluctuations.  These  transducers 
were  dead  weight  calibrated  on  a  regular  three-month  basis  or  more  frequently 
if  there  is  evidence  of  erratic 'operation. 

4.2.4  Injector  Performance  Data  Reduction 

(U)  All  raw  performance  data  are  recorded  on  digital  tape  and  reduced  by 
means  of  the  Capistrano  Test  Site  SDS  925  digital  computer  on  a  run-to-run 
basis.  The  test  firings  are  characterized  by  two  performance  parameters: 
delivered  specific  impulse  (I  )  and  characteristic  exhaust  velocity  (C*) . 

The  characteristic  exhaust  velocity  is  computed  by: 
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i ■  ■  - k  stagnation  pressure,  psia 
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it-  throat  area,  in 
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■  ill  T.uh  .it  the  parameters  within  the  C*  equation  is  computed  as  follows, 
r.e  nucule  stagnation  pressure  (P  )  is  computed  from  measured  nozzle  entrance 
chamber  static  pressure  (P^n.)  by  P  /P_  =  1.009.  (The  P  /P„_  ratio  is  de- 

lernuned  from  classical  gas  dynamic  relationships  for  total  to  static  pres¬ 
sure  ratio  as  a  function  of  contraction  ratio  and  gas  specific  heat  ratio.) 
ihe  nozzle  stati .  pressure  (P^)  is  computed  from  the  average  of  two  mea¬ 
surements.  ihe  injection  head  end  static  chamber  pressure,  P^,  is  also 
recorded  to  empirically  define  the  Pcd/Pqj  ratio  to  permit  C*  determination 
in  the  ablative  thrust  chamber  test  where  P„  is  not  directly  measured. 

Jii  The  propellant  flow  rates  are  computed  from  the  average  of  a  pair  of 
turbine  flowmeters.  The  actual  flow  rate  is  computed  from  the  frequency 
output  of  the  meter,  the  calibration  factor,  and  tne  propellant  densities 
based  on  measured  propellant  temperatures. 

(IJ)  The  nozzle  throat  area  is  computed  from  the  average  of  three  throat 
diameter  measurements  taken  prior  to  each  test. 

f U )  The  combustion  efficiency  (h^.*)  is  determined  by  dividing  the  computed 
C*  b -j  the  theoretical  equilibrium  characteristic  exhaust  velocity  at  the 
appropriate  run  nozzle  stagnation  pressure  and  oxidizer- to-fuel  mixture 
ratio.  The  variation  of  the  theoretical  equilibrium  C*  with  nozzle  stag¬ 
nation  pressure  and  mixture  ratio  is  provided  as  a  tabular  input  to  the 
data  reduction  program. 

Oh'  The  engine  specific  impulse  (Isp)  was  computed  on  the  basis  of  the 
measured  thrust  and  total  propellant  weight  flow. 

l  -  _ F,  measured  thrust,  lb 

Wj,  measured  total  flow  rate,  lb/sec 
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(.U)  The  measured  thrust  is  determined  from  the  load  cell  output  and  the  pre-run 
calibration.  The  measured  specific  impulse  data  were  also  corrected  to 
vacuum  conditions  by  adding  to  the  measured  thrust  a  correction  equal  to 
the  product  of  the  nozzle  exit  area  times  the  ambient  pressure. 

(U)  All  parameters  affecting  either  the  hydraulic  or  the  combustion 
performance  of  the  injector  were  measured  redundantly  to  insure  the  valid¬ 
ity  of  all  measurements.  The  redundantly  measured  parameters  were: 
oxidizer  injection  pressure,  fuel  injection  pressure,  head  end  chamber 
pressure,  downstream  chamber  pressure,  oxidizer  flow  rate,  fuel  flow  rate, 
oxidizer  temperature,  and  fuel  temperature. 

4.3  INJECTOR  CHARACTERIZATION  TESTS 

(U)  Phase  II  of  the  *njector  Program,  Injector  Development  and 

Demonstration,  initially  consisted  of  two  tasks.  Task  1  entailed  develop¬ 
ment  of  the  injector  for  mixture  ratio  flexibility,  stability,  performance 
and  compatibility  using  uncooled  thrust  chamber  hardware.  Three  injector 
element  configurations  were  evaluated  for  comparison  with  program  goals 
in  Task  la.  The  selected  injector  configuration  was  then  characterized 
fully  during  Task  lb.  The  Task  2  effort  evaluated  the  basic  compatibility 
of  the  selected  injector  configuration  with  ablative  thrust  chambers 
through  a  long  duration  firing  followed  by  hot  restart.  The  Task  2  results 
are  discussed  subsequently  in  Section  4.3.3. 

(U)  The  engine  assembly  used  for  the  injector  characterization  tests  con¬ 
sisted  of  the  basic  injector  as  described  in  section  3.2  and  the  uncooled 
thrust  chamber  described  in  3.4.  Figure  28  is  a  photograph  of  the  engine 
installed  in  the  HEPTS-A1  position  prior  to  the  first  test  (HA1-284) .  The 
first  phase  of  testing,  the  injector  element  screening  tests,  (HA1-284 
through  HA1-326)  was  conducted  using  a  chamber  cylindrical  section  without 
pulse  gun  ports  and  a  copper  nozzle  without  thermal  instrumentation.  All 
subsequent  testing  was  conducted  using  the  fully  instrumented  thrust  chamber 
assembly.  Figure  30  is  the  instrumentation  schematic  for  the  uncooled  engine 
assembly  showing  relative  position  of  the  instrumentation. 

4.3.1  Task  la  -  Injector  Element  Screening  Tests 

(U)  The  primary  objective  of  this  task  was  to  evaluate  each  of  three  in¬ 
jector  element  configurations  and  to  select  the  one  which  most  closely  p^hieved 
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Figure  30.  Instrumentation  Schematic  (U) 
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(U)  the  program  goals.  As  discussed  previously,  the  three  injector  element 
configurations  were: 

•  Configuration  1  -  Primary  oxidizer  slots 

•  Configuration  2  -  Primary  oxidizer  slots  with  secondary 

oxidizer  orifices 

•  Configuration  3  -  Primary  and  secondary  oxidizer  slots 

with  a  secondary  fuel  spray  provided 
by  a  swirl  injector  in  the  pintle  tip 

For  each  configuration  shown  above,  variations  in  geometry  were  also 
tested.  For  configuration  1,  three  variations  in  the  nun  a*.:  ot  slots 
were  tested.  Configuration  1  included  36,  48,  and  72  slot  versions. 
Configuration  2  orifice  rings  all  utilized  36  primary  and  36  secondary 
slots  with  15  percent  of  the  oxidizer  flow  through  the  secondary  slots. 
Configuration  3  used  an  orifice  ring  with  36  primary  and  36  secondary 
slots  and  provided  17  percent  of  the  fuel  flow  injected  as  a  conical 
spray  through  the  pintle  tip.  Figure  31  presents  the  oxidizer  orifice 
dimensions  for  all  elements  tested. 

(C)  A  total  of  43  tests  were  conducted  during  the  screening  phase  of 
Task  1.  Each  injector  element  was  tested  at  three  mixture  ratios  cover¬ 
ing  the  range  0.95  to  1.40.  Eighteen  tests  were  conducted  on  configuration 
1,  20  tests  on  Configuration  2  and  five  tests  on  Configuration  3.  Table  5 
is  a  tabulation  of  the  45  tests  performed  during  Task  la.  All  performance 
values  quoted  in  this  table  are  "as  measured"  (see  Section  4.2.4),  -j^g 

test  series  on  each  oxidizer  orifice  ring  was  conducted  at  a  fixed  oxidizer 
flow  rate  (fixed  oxidizer  pressure  drop)  with  the  fuel  flow  rate  varied  to 
accommodate  the  desired  mixture  ratio  changes,  which  in  turn  resulted  in 
variations  in  total  propellant  flow  rate  (and  chamber  pressure).  As  the 
fuel  injection  pressure  drop  could  also  be  varied  at  a  constant  flow  rate 
by  changing  the  shim  thickness,  the  performance  influences  of  mixture  ratio, 
injection  pressure  drop,  and  pressure  drop  ratio  could  be  rapidly  appraised. 
(C)  Of  the  18  tests  conducted  on  the  configuration  1  orifice  ring,  eleven 
were  with  the  36  slot  ring,  3  with  48  slot  ring  and  4  with  72  slot  ring. 

The  characteristic  velocity  efficiency  (r/  )  varied  from  .788  to  .892.  The 

initial  tests  with  the  36  slot  ”ing  resulted  in  low  performance.  The  ox¬ 
idizer  pressure  drop  was  low,  nan  anticipated  so  the  ring  was  modified 
to  give  a  higher  oxidizer  pressure  drop  (a  PIO) .  The  performance  was 
increased  about  5  percent  for  the  same  ratio  of  oxidizer  to  fuel  pressure 
drop  (APIO/APIF). 
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PRIMARY  ORIFICES,  CONFIGURATION  I 


■ 

NUMBER 
OF  SLOTS 

NOMINAL 
PRESSURE 
DROP,  PSI 

PERCENT 

OPEN 

RING 

DIAMETER, 

IN. 

UNIT 

SPACING, 

IN. 

W,  IN. 

L,  IN. 

36 

90 

35 

in 

.131 

.052 

.065 

48 

100 

35 

■EBi 

.098 

.040 

.055 

Ha 

72 

90 

35 

.065 

.025 

.059 

l-D 

36 

130 

35 

1.50 

.131 

.052 

.056 

36  PRIMARY  AND  36  SECONDARY  ORIFICES, 

CONFIGURATION  2 


NOTE:  PERCENT  OPEN  IS  THE  RATIO  OF  SLOT  WIDTH  TO  UNIT  SPACING 
Figure  31.  Oxidizer  Orifice  Ring  Configurations  (U) 
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Table  2.  Task  la  Injector  Screening  Test  Summary  (U) 
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'UJ  During  the  initial  tests,  a  304  stainless  steel  pintle  tip  was  used. 

Post  test  inspection  of  the  pintle  tip  revealed  the  tip  was  warping, 
allowing  leakage  between  the  pintle  and  the  orifice  ring.  Additional 
stainless  steel  pintle  tips  were  fabricated  but  post  test  inspection 
revealed  some  pin'cie  tip  erosion  in  addition  to  the  warping.  In  order  to 
eliminate  the  pintle  tip  erosion,  materials  with  higher  thermal  conductivity 
were  investigated.  Both  nickel  200  and  a  Columbian  alloy  C-103  pintle  were 
fabricated  and  subsequently  tested.  The  Columbian  tip  was  aluminide  coated 
for  oxidation  protection  at  elevated  temperatures.  Both  the  nickel  and 
columbium  pintle  tips  individually  eliminated  the  problems  of  erosion  and 
warping . 

(U)  An  ablative  face  plate  liner  was  designed  and  fabricated  when  it  was 
determined  that  the  injector  face  plate  and  heating  to  the  point  where 
it  was  distorting,  causing  a  shift  in  the  fuel  pressure  drop  during  the 
test.  The  ablative  liner  was  fabricated  from  MX2625  random  oriented 
silica  phenolic  material.  Use  of  the  ablative  liner  eliminated  the  faceplate 
heating  problem  and  the  resultant  APIF  shift.  Because  of  the  addition  of  the 
ablative  liner  for  the  faceplate,  it  was  necessary  to  increase  the  length  of 
the  outer  pintle  body  to  extend  beyond  the  ablative  liner.  Figure  32  shows  a 
comparison  of  the  initial  and  final  (lengthened)  outer  pintle  body. 

(C)  The  first  three  tests  with  the  configuration  2  orifice  ring  resulted  in 
C*  efficiencies  of  0.811  to  0.845.  The  oxidizer  pressure  drop  was  lower  than 
expected  for  this  ring.  The  ring  was  modified  to  increase  the  oxidizer 
pressure  drop  and  the  range  of  performance  subsequently  increased  to  0.894 
to  0.943. 

(C)  Five  tests,  of  which  2  yielded  no  data,  were  conducted  on  configu¬ 
ration  3.  The  performance  of  configuration  3  ranged  from  a  C*  efficiency 
of  0.918  to  0.944.  Although  the  performance  was  only  slightly  lower  than 
configuration  2,  the  combustion  roughness  was  greater. 


CONFIDENTIAL 


CONFIDENTIAL 


AFRPL-TK-69-231 
Page  67 


(C)  Hu.  first  of  the  five  configuration  3  tests  (I1A1-322)  were  at  a 
1.2  mixture  ratio  and  were  satisfactory.  The  next  three  tests  were  targeted 
for  1.4  mixture  ratio,  howevei  only  the  third  test  achieved  steady  state 
operation.  The  first  test  f  1  LA  1 -323)  at  1.4  mixture  ratio  was  aborted  by  the 
low  chamber  pressure  safety  circuit  due  to  the  excessively  long  start  trans¬ 
ient  with  the  lower  fuel  flow  rate  and  larger  fuel  manifold  priming  volume. 
The  following  rests  (I1A1-524)  was  aborted  at  ignition  by  rupture  of  the 
flexible  fuel  feed  line.  The  propellant  line,  which  had  been  hydrostatically 
proof  tested  to  1500  psig,  ruptured  as  a  result  of  an  apparent  detonation 
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(C)  in  the  injector  fuel  manifold  at  ignition.  The  detonation  was  probably 
due  to  either  residual  contamination  from  the  previous  test  or  oxidizer 
vapors  migrating  into  the  manifold  from  the  oxidizer  lead  flow.  The 
injector  housing  flange  was  slightly  deformed  under  the  fuel  inlet  tube. 
However,  the  injector  was  still  operable  with  all  sealing  integrity 
maintained.  The  final  two  swirl  injector  tests  (HA1-325  and  -326)  were 
satisfactorily  conducted  at  mixture  ratios  of  1.4  and  0.95  respectively. 

(U)  On  the  basis  of  the  43  test  firings  during  the  injector  screening 
phase,  the  configuration  2  injector  was  selected  as  the  configuration  which 
best  met  the  program  requirements  and  was  selected  to  be  more  fully  charac¬ 
terized  during  Task  lb.  In  addition  to  performance  considerations,  the 
configuration  2  injector  was  preferable  on  an  overall  operability  basis. 

4.3.2  Task  lb  -  Selected  Injector  Element  Characterization  Tests 

(U)  The  objective  of  this  task  was  to  characterize  configuration  2, 
selected  during  Task  la,  in  terms  of  the  effect  of  operating  parameters 
on  performance,  stability,  heat  rejection  and  combustion  roughness. 
Eighty-five  tests  were  conducted  during  this  phase  of  the  program  (Table  3) . 

(U)  The  first  two  tests  conducted  (HA1-327  and  -328)  were  intentional 
duplicates  of  previous  tests  except  that  -328  was  a  dynamic  stability 
rating  test  using  a  pulse  gun  as  the  excitation  device.  Figure  33  presents 
a  view  of  the  engine  pre-test  HA1-328  prior  to  installing  the  loaded  pulse 
gun  in  the  upper  tangential  port  (the  lower  pulse  gun  with  burst  disc  in¬ 
stalled  was  used  as  a  plug).  A  50  grain  charge  of  Hercules  Bullseye  powder 
was  used  to  produce  the  dynamic  disturbance.  The  real  time  recorded 
oscillograph  from  HA1 -328  is  presented  as  Figure  34.  The AP/Pc  overpressure 
was  1.75  and  the  engine  completely  recovered  within  20  msec.  The  measured 
peak-to-peak  roughness  level  relative  to  each  of  the  three  Photocon  trans¬ 
ducer  traces  were  32,  35,  and  53  psi.  The  program  roughness  goal  was  +_ 

5  percent  of  chamber  pressure  which  corresponds  to  30  psi  peak-to-peak. 

(C)  A  total  of  13  tests  during  Task  lb  were  conducted  on  the  orifice  ring 
used  during  Task  la.  Of  the  13  tests,  four  tests  were  dynamic  stability 
tests  using  the  pulse  gun  as  the  excitation  method.  The  remainder  of  the 


CONFIDENTIAL 


Table  3.  Summary  of  Configuration  2  Injector  Characterization  Tests  (U) 
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(C)  tests  on  the  ring  were  to  obtain  performance  as  a  function  of  both  mixture 
ratio  and  injection  pressure  drop  ratio  (A  PIO/ APIF) .  The  injector  was 
operated  over  a  mixture  ratio  range  of  0.92  to  1.42  and  a  Al’10/  a  Pll;  range 
of  0.77  to  3.11.  Characteristic  velocity  efficiencies  varied  from  0.92 
to  0.96  for  these  13  tests. 

(C)  An  oxidizer  ring  (2-D)  was  then  tested  which  increased  the  oxidizer 

pressure  drop  to  a  nominal  170  psi.  The  geometry  of  the  slots  (ratio  of 

total  slot  width  to  circumference)  was  the  same  for  this  ring  as  the  2-B 
ring.  Nine  tests  (HA1-333,  334  and  341  through  347)  covering  the  mixture 
ratio  range  of  0.947  to  1.419  were  conducted  on  this  configuration.  Two  of 
the  tests  were  aborts  due  to  a  malfunction  in  the  iow  pressure  shutdown 
timing  device.  The  performance  of  the  injector  using  this  orifice  ring 
varied  from  0.880  to  0.961.  One  test  (ILAl-347)was  extremely  low  in  per¬ 
formance  compared  to  the  rest  of  the  tests  with  the  ring.  The  C*  efficiency 
for  the  ring  varied  from  0.947  to  0.961  for  6  of  the  7  tests.  The  low  per¬ 
formance  on  the  one  test  may  have  been  due  to  a  loosened  pintle  tip  as  the 
test  in  question  was  the  last  in  the  2-D  ring  series. 

(U)  During  this  test  series,  combustion  gas  samples  were  taken  to  verify 

the  chemical  environment  along  the  wall.  The  wall  environment  was  de¬ 
termined  by  this  technique  to  be  fuel-rich,  which  was  also  verified  photo¬ 
graphically  in  a  subsequent  test  using  a  Fastax  camera  viewing  through  an 
acrylic  plastic  chamber  section.  The  sampling  ports  (located  at  chamber 
station  D,  Figure  30)  were  connected  to  one- liter  bombs  and  a  vacuum 
pump  with  stainless  steel  lines.  The  sampling  apparatus  was  evacuated  and 
maintained  below  5  torr  until  the  firing  when  a  solenoid  valve  was  actuated 
upon  for  the  sampling  duration.  Adjustable  throttle  valves  in  each  sampling 
line  were  previously  calibrated  to  result  in  a  pressure  less  than  one  atmos¬ 
phere  in  the  sample  bomb  at  the  end  of  the  preset  sampling  time  period.  The 
sample  bombs  were  then  sealed  by  closing  hand  valves  and  removed  from  the 
apparatus.  The  gas  samples  were  analyzed  by  both  infrared  spectroscopy 
and  gas  chromatography  in  a  controlled  temperature  chamber  maintained  at 
200°F.  The  resulting  gas  composition  did  not  permit  determination  of  an 
equivalent  mixture  ratio  and  the  presence  of  carbon  dioxide  and  carbon 
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monoxide  suggested  atmospheric  contamination  (although  oxygen  was  not 
detected).  However,  other  investigators  (for  example,  reference  5)  have 
determined  that  a  positive  molar  ratio  of  hydrogen  tc  nitrogen  is  all  that 
is  necessary  to  establish  the  fuel-rich  condition  of  the  gases.  The 
measured  molar  ratio  of  hydrogen  to  nitrogen  was  the  order  of  0.4  which  is 
cleariy  a  fuel-rich  condition.  As  the  intent  of  the  limited  gas  sampling 
tests  was  only  to  determine  if  a  fuel-rich  condition  existed,  further 
sampling  tests  were  not  made. 

(U)  Four  tests  (HA1-348  through  -351)  were  conducted  in  which  the  pintle 
diameter  was  decreased  from  1.50  inch  to  1.40  inch.  The  objective  of  this 
series  was  to  determine  the  effect  of  the  venting  distance  (distance  from 
oxidizer  orifice  to  impingement)  on  combustion  roughness.  There  was  a 
noticeable  increase  in  combustion  roughness  (+_  12  to  +_  25%  of  chamber 
pressure)  and  a  decrease  in  performance  by  increasing  the  vent  distance. 

(C)  Subsequently,  a  series  of  eight  tests  (HA1-403  through  -410)  were  run 
in  which  the  pintle  diameter  was  increased  to  1.60  inch,  thereby  decreasing 
the  vent  distance  behind  impingement.  One  test,  HA1-407,  was  run  with  the 
pintle  tip  loose  which  reduced  the  C*  efficiency  to  0.88  due  to  leakage 
between  the  orifice  ring  and  the  pintle  tip.  Excluding  test  number 
HA1-407,  the  performance  for  this  series  varied  from  0.931  to  0.956. 
Combustion  roughness  decreased  to  +6  1/2%  of  chamber  pressure  at 
APIO/APIF  of  1.1. 
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Figure  34.  Oscillogram  From  Initial  Dynamic  Stability  lest  (UA1-3-S)  C'-'l 
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(C)  Another  group  of  tests  (HA1-353  through  -363)  were  conducted  to 
evaluate  the  effect  of  slot  geometry  on  injector  performance.  The  first 
five  tests  (HA1-353  through  -357  were  performed  using  the  2-E  ring  con¬ 
figuration.  This  oxidizer  ring  resulted  in  a  nominal  oxidizer  pressure 
drop  of  150  psi  at  a  flow  rate  of  5.5  lb/sec  of  ^/O^.  This  ring  had  a 
slot  width  to  unit  width  ratio  of  0.40  (or  40%  open)  compared  with  0.35 
for  the  2-B  ring  which  was  the  baseline  configuration.  Characteristic 
velocity  efficiency  of  the  2-E  ring  varied  from  0.89  to  0.94.  The  next 
orifice  ring  tested  (2-G)  had  a  slot  configuration  which  was  25%  open  and 
an  oxidizer  pressure  drop  of  150  psi.  The  C*  efficiency  of  this  ring 
was  0.90  to  0.96  over  the  range  of  APIO/APIF  of  0.77  to  3.25  and  a 
mixture  ratio  of  0.95  to  1.40.  Figure  35  compares  the  characteristic  vel¬ 
ocity  efficiency  of  the  three  oxidizer  orifice  ring  configurations  as  a 
function  of  APIO/  APIF  for  three  slot  width  to  unit  width  ratios.  Since 
the  25%  open  configuration  yielded  approximately  2%  higher  C*  efficiency 
at  the  lower  APIO/ APIF  ratios  and  was  equivalent  at  the  high  end  of  the 
range,  the  majority  of  the  remaining  Task  lb  tests  were  conducted  on 
oxidizer  orifice  configurations  which  were  25%  open 

(C)  Five  tests  were  conducted  on  the  2-G  ring  with  the  total  flow  rate 
increased  to  give  a  nominal  oxidizer  pressure  drop  of  180  psi.  The  per¬ 
formance  on  the  five  runs  varied  only  1%,  from  96  to  97  percent  of  theoret¬ 
ical  shifting  equilibrium  C*.  The  objective  of  testing  at  the  higher  flow 
rate  was  to  evaluate  combustion  roughness  at  the  higher  oxidizer  pressure 
drop.  Combustion  roughness  (AP/Pc)  varied  from  +_  5  to  +_  8  percent. 

Tests  number  HA1-367  and  -368  were  dynamic  stability  tests  using  a  13.5 
grain  omni-directional  bomb  inserted  in  the  side  of  the  thrust  chamber. 

The  tests  were  conducted  at  mixture  ratios  of  1.2  and  1.4  respectively. 

The  bomb  resulted  in  over  pressures  of  approximately  125  psi  from  which 
the  engine  recovered  in  10  msec. 
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(C)  A  series  of  five  tests  was  conducted  on  the  engine  using  the  2-G 
orifice  configuration  and  the  thrust  chamber  characteristic  length  (L*) 
reduced  to  35  inches.  This  was  accomplished  by  removing  the  cylindrical 
spool  section  of  the  thrust  chamber  assembly  and  inserting  a  cylindrical 
section  which  was  three  inches  shorter.  No  attempt  was  made  to  optimize 
the  injector  for  the  shortened  chamber  as  only  the  effect  of  the  shortened 
chamber  on  performance  was  desired.  The  five  tests  encompassed  the  mixture 
ratio  range  of  0.97  to  1.47  and  theAPIO/APIF  range  of  1.0  to  3.6.  The 
measured  characteristic  velocity  efficiency  decreased  3  percent  over  the 
longer  chamber.  Figure  36  compares  the  measured  performance  of  the  inject¬ 
or  with  both  the  50  inch  and  the  35  inch  L*  chambers. 

(U)  Following  the  series  with  the  reduced  L*  chamber,  a  single  test  (HA1- 
374)  was  conducted  in  which  the  ignition  and  one  second  of  steady  state 
operation  were  photographed  through  an  acrylic  plastic  chamber  section.  A 
Fastax  camera  operating  at  5000  frames  per  second  was  used  to  photograph 
the  combustion  process.  Figure  37  is  a  side  view  of  the  thrust  chamber 
assembly  looking  through  the  acrylic  section.  The  acrylic  section  was 
"frosted"  after  the  test  but  otherwise  was  not  damaged. 

(C)  Test  numbers  HA1-386  through  -402  were  conducted  using  the  2-H 
orifice  ring  which  was  25%  open  with  a  nominal  oxidizer  pressure  drop  of 
200  psi.  The  C*  efficiency  of  this  ring  varied  about  4  percent  (0.924 
to  0.967)  over  the  mixture  ratio  range  of  0.95  to  1.4  and  aAPIO/APIF 
range  of  1.1  to  3.4.  Combustion  roughness  for  this  ring  varied  from  +_  4 
to  +_  10  percent.  Of  the  17  tests  conducted  on  the  2-H  configuration,  3 
tests  were  dynamic  stability  tests  using  both  bombs  and  pulse  guns  as  the 
triggering  mechanism.  The  three  stability  tests  were  conducted  at  mixture 
ratios  of  0.96,  1.2  and  1.4.  In  each  case  the  engine  recovered  from  the 
pressure  spike  within  20  milliseconds. 


Injector  Performance  (Characteristic  Velocity  Efficiency) 


(u)  The  configuration  2  injector,  selected  from  the  tests  of  Task  la, 
was  subjected  to  eighty-five  tests  during  Task  lb  in  addition  to 
the  twenty-two  tests  performed  during  Task  la.  The  injector  perform¬ 
ance  (C*  efficiency)  was  evaluated  as  a  function  of  the  oxidizer 
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(U)  pressure  drop,  distance  from  orifice  to  impingement,  slot  geometry, 
oxidiier-to-fuel  pressure  drop  ratio  and  mixture  ratio. 

The  effect  of  oxidizer  injection  pressure  drop  (aPIO)  on  character¬ 
istic  velocity  efficiency  is  shown  in  Figure  58,  for  an  orifice  ring 
with  25%  open  slot  geometry  and  APIO  of  150  and  200  psi .  Both  curves  show 
the  injector  to  be  quite  insensitive  to  injection  pressure  drop  ratio. 

The  next  ^gure,  Figure  39,  also  illustrates  the  relative  insensitivity 
of  the  injector  to  wide  changes  in  operating  parameters.  Measured  C* 
efficiency  is  presented  as  a  function  of  mixture  ratio  for  oxidizer  pressure 
drops  of  150  and  200  psi.  This  figure  also  shows  that  at  the  higher  ox¬ 
idizer  pressure  drop,  performance  is  less  sensitive  to  changes  in  mixture 
ratio.  Figure  40  illustrates  the  effect  of  momentum  ratio  on  measured  C* 
efficiency  for  APIO  of  150  and  200  psi. 

(U)  Figure  41  presents  a  comparison  of  corrected  characteristic  velocity 
efficiency  computed  from  chamber  pressure  and  a  corresponding  O  com¬ 
puted  from  the  thrust  measurement  for  the  2-G  orifice  ring  configuration. 

The  excellent  agreement  is  thus  a  strong  verification  of  overall  data  con¬ 
sistency.  The  heat  rejection,  friction,  nozzle  throat  diameter  change, 
and  nozzle  discharge  coefficient  corrections  to  measured  characteristic 
velocity  (defined  in  section  4.2.4)  are  defined  in  Appendix  A  together 
with  the  corresponding  factors  to  derive  characteristic  velocity  from 
thrust.  Table  4  presents  the  measured  and  corrected  data  used  in  preparing 
Figure  41.  The  average  correction  to  measured  characteristic  velocity 
efficiency,  which  is  the  generally  quoted  performance  parameter  in  this 
report,  was  0.1  percent. 

Combustion  Noise 

(U)  One  goal  of  the  program  was  to  limit  the  "combustion  roughness" 
level  to  +_  5  percent  of  steady  state  chamber  pressure.  Combustion  rough¬ 
ness  was  defined  as  the  maximum  peak-to-peak  measured  amplitude. 

Each  test  was  conducted  using  three  Photocon  352A  dynamic  pressure 
transducers  located  as  shorn  in  Figure  30.  The  oscillograph  trace  of 
these  three  transducers  was  then  measured  to  determine  the  combustion 
roughness . 
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38.  Conf iguracion  2  Injector  Performance  correlation  With  Press 
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Figure  3'J .  Configuration  2  Injector  Performance 
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CORRECTED  CHARACTERISTIC 
VELOCITY  EFFICIENCY  COMPUTED  VC* 
FROM  CHAMBER  PRESSURE 


Figure  41,  Correlation  Of  Chamber  Pressure  Characteristic  Velocity  With 
Thrust-Based  Characteristic  Velocity  (U) 
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Table  4.  Summary  of  Corrected  Performance  for  Injector  Configuration  2G  (U) 
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(U)  The  combustion  noise  was  found  to  be  controlled  by  oxidizer  injection 
pressure  drop  and  by  the  ratio  of  oxidizer-to-fuel  pressure  drop.  Figure 
42  shows  the  effect  of  oxidizer  pressure  drop  and  aPIO/APIF  on  combustion 
roughness  for  the  25%  open  configurat" on. 

(U)  Since  the  injector  performance  is  relatively  insensitive  toAPIO/APIF 

in  the  range  from  1.0  >o  2.0,  the  best  compromise  in  terms  of  both  parameters 

is  to  operate  the  injector  at  a  PIO/  PIP  ratio  as  close  to  unity  as  possible. 

As  shown  in  Figure  42,  the  goal  of  _+  5%  can  be  achieved  by  operating  at  an 

oxidizer  pressure  drop  of  150  psi  and  API0/APIF  of  about  1.1,  or  by  operating 

at  an  oxidizer  pressure  drop  of  200  psi  and  APIO/APIF  of  approximately  1.8. 

(IJ)  A  power  spectral  density  (PSD)  analysis  was  conducted  on  the  three 

Photocon  transducer  outputs  for  test  number  HA1-328.  The  results  of  the  PSD 

2 

are  shown  in  Figure  43  where  psi  /cps  versus  frequency  are  plotted.  The  an¬ 
alysis  also  showed  that  the  root -mean- square  values  of  roughness  varied  from 
17.2  psi  to  10.6  psi  and  that  the  predominant  frequency  of  the  engine  was 
300  cps.  (Figure  34  presents  a  reproduction  of  the  oscillogram  for  test 
HA1-328.  The  corresponding  peak-to-peak  roughness  values  were  53  psi  to 
32  psi.)  The  300  cps  predominant  frequency  was  characteristic  of  the  test 
program.  Possible  propellant  feed  system  influence  or  the  combustion  noise 
was  evaluated  by  conducting  duplicate  tests  both  with  and  without  cavitating 
venturis  installed.  No  differences  in  combustion  operating  characteristics 
could  be  discerned  when  the-  feed  system  nydraulic  characteristics  wc-re  altered. 
Other  investigators  (for  example,  references  5  and  6)  have  also  observed  com¬ 
parable  combustion  frequencies  with  N^/N^  and  concluded  that  this  phe¬ 
nomenon  was  associated  with  the  fundamental  liquid  phas  mixing  and  comuustion 
kinetics  of  this  propellant  combination. 

Dynamic  Stability 

(U)  During  Task  lb  testing,  a  total  of  ten  dynamic  stability  tests  were  con¬ 
ducted  and  in  each  case  the  engine  recovered  from  the  overpressure  within  29 
milliseconds.  Of  the  ten  tests,  four  tests  used  only  the  pulse  gun  for  ex¬ 
citation,  three  tests  were  performed  using  only  non-directional  bombs,  and  the 
remaining  three  tests  were  performed  using  both  bombs  and  pulse  guns  for  ex¬ 
citation  during  a  single  test.  When  both  bombs  and  pulse  guns  are  used  on  the 
same  test,  the  bomb  was  detonated  first,  approximately  500  msec  after  steady 
state  chamber  pressure  was  attained  and  the  pulse  gun  was  triggered  one 
second  later. 
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(.U)  The  first  two  tests  (HA1-367  and  -368)  using  bombs  as  the  excitation 
device  were  performed  with  a  13  grain  TNT  equivalent  charge.  The  overpressure 
produced  by  the  bomb  in  these  tests  was  about  125  psi.  These  bombs  were  sized 
based  upon  previous  tests  using  a  similar  injector  and  thrust  chamber  configu¬ 
ration.  Since  the  overpressure  was  less  than  anticipated,  another  lot  of 
bombs  was  loaded  using  the  correlation  developed  by  Rocketdyne  in  Reference  7. 
Subsequent  tests  incorporated  a  32.5  grain  TNT  equivalent  bomb  in  order  to 
produce  a  larger  overpressure.  The  next  three  tests  in  which  bombs  were  used 
(HA1-595,  -597  and  -402)  resulted  in  overpressures  of  240  to  330  psi.  These 
overpressures  were  below  the  value  anticipated  based  upon  the  correlation  of 
Reference  7.  In  the  Rocketdyne  correlation,  there  was  no  strong  influence  of 
case  thickness  on  shock  amplitude  whereas  earlier  reports  indicated  a  profound 
effect  on  shock  amplitude  with  case  thickness.  The  pulse  gun  with  a  50  grain 
charge  of  Hercules  Bullseye  powder  resulted  in  higher  recorded  overpressures. 
Table  5  lists  the  dynamic  stability  tests  and  the  associated  overpressures. 

Thermal  Characteristics 

(C)  Detailed  analyses  of  the  engine  thermal  data  were  conducted  for  a 
series  of  firings  encompassing  a  mixture  ratio  range  of  0.92  to  1.47  at 
an  operating  chamber  pressure  of  300  psia  +_  10%.  The  analyses  used  heat 
sink  test  data  reduction  to  determine  heat  flux  and  gas  side  recovery 
temperatures.  The  oxidizer  orifice  configurations  analyzed  were  the 
2-B  and  2-G  orifice  rings. 

(U)  The  heat  sink  engine  was  instrumented  with  thermocouples  as  shown 
previously  in  Figure  30.  Two  different  types  of  thermocouples  were  used: 
Nanmac  pencil  probes  (T/C-l  to  6)  were  used  in  the  cylindrical  section  of 
the  combustion  chamber  to  measure  inside  wall  temperature  and  copper 
calorimeter  plugs  (T/C-7  to  15)  were  used  in  the  copper  nozzle  section 
to  measure  the  heat  flux. 

(U)  A  transient  heat  flux  data  analysis  program  was  utilized  to  reduce 
the  test  data  for  the  Nanmac  pencil  probes.  The  test  data  for  the  calorimeter 
plugs  was  reduced  using  a  transient  analysis  technique  developed  for  a  one 
dimensional  calorimeter  plug.  To  account  for  the  heat  losses  between  the 
calorimeter  plug  web  and  the  chamber  wall,  a  simulated  two  dimensional 
thermal  model  was  constructed  for  each  calorimeter  plug.  The  results 
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(U)  obtained  for  the  one-dimensional  calorimeter  plugs  were  then  corrected  to 
account  for  the  two-dimensional  heat  losses.  The  gas  side  convective  film 
coefficients  and  recovery  temperatures  were  derived,  for  both  the  Nanmac 
probes  and  calorimeter  plugs,  from  the  slope  of  the  heat  flux  wall  tem¬ 
perature  curves. 

(U)  A  summary  of  the  heat  flux  data  as  a  function  of  wall  temperature  is  pre¬ 
sented  in  Table  6  for  the  various  thrust  chamber  stations  for  the  configuration 
2-B  and  2-G  injector  elements.  Typical  wall  temperature  -  time  response  and 
hea-t  flux  -  wall  temperature  curves  are  shown  in  Figures  44  and  45  respective¬ 
ly.  These  curves  illustrate  the  trends  which  were  exhibited  for  all  runs. 

The  initial  increase  of  heat  flux  with  wall  temperature  is  caused  by  the 
transient  response  of  the  engine. 

Combustion  Chamber 

(U)  For  the  upstream  combustion  chamber  thermocouple  location.  (Station  B, 

Figure  30)  an  average  recovery  temperature  of  2560°F  was  indicated  with  a 

3  2  o 

corresponding  convective  film  coefficient  of  1.46  x  10  0  Btu/sec-in  -  F  for 
both  the  configuration  2-B  and  2-G  oxidizer  orifice  rings.  At  the  downstream 
combustion  chamber  thermocouple  location,  the  average  recovery  temperature 
was  3080°F  with  a  corresponding  convective  film  coefficient  of  1.27  x  10  ^ 
Btu/sec-in2-°F.  The  lower  recovery  temperature  and  corresponding  higher  film 
coefficient  at  the  upstream  combustion  chamber  location  compared  with  the 
downstream  location  was  probably  due  to  incomplete  combustion  and  high  tur¬ 
bulence  at  this  location. 

Throat 

(U)  At  the  throat  the  calculated  recovery  temperature  from  the  calorimeter 
plug  data  was  found  to  be  less  than  2000°F  for  all  tests  analyzed.  This 
value  was  considered  to  be  unrealistically  low  and  was  probably  due  to  the 
lack  of  agreement  between  the  assumptions  used  in  the  data  analysis  tech¬ 
nique  and  the  actual  conditions.  The  analysis  assumes  that  the  time- 
temperature  response  at  the  inside  and  back  surfaces  of  the  calorimeter 
plug  is  the  same.  The  results  of  the  analysis  indicated  that  this  was 
not  the  case  due  to  high  heat  loads  imposed  at  the  throat. 

Heat  Flux  Distributions 

(U)  The  heat  flux  distribution  as  a  function  of  axial  distance  in  the  thrust 


(This  page  is  unclassified) 


Table  6.  Summary  Of  Heat  Transfer  Data  (U) 
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(U)  chamber  is  presented  in  Figure  46  at  a  firing  time  of  2.4  seconds.  For 
comparison,  the  heat  flux  prediction  based  upon  the  Bartz  equation  from 
Reference  8  for  a  recovery  temperature  of  3000° F  is  also  shown.  The 
Bartz  equation  predicted  a  25%  higher  heat  flux  at  the  throat  and  a  50% 
lower  heat  flux  in  the  combustion  chamber  than  was  obtained  from  the  test 
results.  The  agreement  in  the  convergent  and  divergent  sections  was 
within  15%. 

(u)  An  asymmetric  radial  heat  flux  distribution  was  found  for  the  con¬ 
vergent  and  divergent  section  of  the  nozzle.  The  maximum  heat  loads  were 
found  to  occur  along  a  line  located  180°  from  the  fuel  inlet  (at  T/C-8  and 
T/C-14).  The  asymmetric  radial  heat  flux  distribution  was  confirmed  by  the 
ablative  chamber  results  obtained  in  Task  2  where  the  maximum  temperature 
response  or  maximum  heat  load  was  also  found  to  occur  at  a  circumferential 
location  180  degrees  from  the  fuel  inlet. 

Heat  Flux  Correlation 

(D)  The  heat  flux  was  calculated  at  selected  wall  temperatures  to  de¬ 
termine  the  effect  of  varying  chamber  conditions  and  injector  configurations 

upon  the  heat  flux.  For  comparison  purposes,  the  heat  flux  data  was  normalized 

0  8 

to  a  pressure  of  300  psia  by  multiplying  by  a  factor  of  (300/?o)  *  .  A 

summary  of  the  normalized  heat  flux  data  at  selected  wall  temperatures  is  pre¬ 
sented  in  Table  6. 

(u)  The  effect  of  mixture  ratio  upon  heat  flux  is  presented  graphically 
in  Figures  47  through  50.  For  the  combustion  chamber  location  downstream, 
no  noticeable  trend  was  found  between  heat  flux  and  mixture  ratio.  For 
the  converging-diverging  section  and  the  throat,  the  heat  flux  was  found 
to  increase  sharply  up  to  mixture  ratio  of  1.2  and  level  off  at  higher  mix¬ 
ture  ratios. 

The  effect  of  APIO/ApiF  on  heat  flux  is  illustrated  in  Figure  51  for 
the  throat  region.  No  strong  dependence  upon  APIO/ A PIF  was  observed 
except  at  the  throat  where  there  was  an  increase  in  heat  flux  with 
increasing  APIO/  APIF  independent  of  the  mixture  ratio. 
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Figure  46.  ileat  Flux  Distribution  In  Uncooled  Thrust  Chamber  (U) 
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Combustion  Chamber  (U) 
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•  CONFIGURATION  2-B 
■  CONFIGURATION  2-G 


WALL  TEMPERATURE  =  900°F 
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Figure  49.  Iloat  Flux  Versus  Mixture  Ratio,  Throat  (U) 
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Figure  51.  Meat  Flux  Variation  With  Injector  Pressure  Drop  Ratio  (U) 
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fU)  Injector  configuration  2-G  (25%  open)  resulted  in  higher  heat  fluxes 
at  the  convergent  and  throat  sections  than  did  configuration  2-B  (35%  open). 

No  discernable  difference  in  the  heat  flux  in  the  combustion  chamber  and 
divergent  section  was  noted  for  the  two  configurations  (see  Figure  47  and  48). 

(b)  Although  the  recovery  temperatures  at  the  throat  associated  with 
injector  configurations  2-B  and  2-G  could  not  be  directly  obtained  from 
the  calorimeter  plugs,  the  recovery  temperature  can  be  inferred  from 
comparison  of  the  measured  throat  heat  fluxes  of  a  common  wall  temperature 
(see  Figure  49)  and  defining  a  common  value  for  the  film  coefficient. 

Assuming  the  film  coefficient  to  be  equal  to  the  theoretical  Bartz  value, 
the  calculated  recovery  temperature  for  configuration  2-B  was  3000°F  at 
a  mixture  ratio  of  1.20.  The  corresponding  recovery  temperature  value  for 
configuration  2-G  was  5500°F. 

(U)  The  major  conclusions  derived  from  the  thermal  analysis  were: 

•  In  the  converging-diverging  sections  and  the  throat,  the 
heat  flux  was  found  to  increase  up  to  a  mixture  ratio  of 
1.2  and  then  level  off.  No  noticeable  trend  was  found 
in  the  cylindrical  portion  of  the  combustion  chamber. 

•  TheAPIO/APIF  ratio  did  not  exhibit  a  large  effect  upon  the  heat 
r’ux  with  the  two  oxidizer  elements  analyzed  except  at  the  throat. 

•  Substantially  higher  heat  fluxes  were  obtained  when 
operating  with  injector  Configuration  2-G  as  compared  with 
2-B  in  both  the  convergent  and  throat  regions. 

4.5.5  Task  2  -  Injector/Chamber  Compatibility 

(U)  The  objective  of  this  task  was  to  evaluate  the  compatibility  of  the 
selected  injector  configuratioa  with  an  ablative  thrust  chamber  through  a 
single  long  duration  burn  followed  by  a  hot  restart.  Two  ablative  chambers 
were  fabricated  to  evaluate  the  injector/chamber  compatibility.  Table  7 
summarizes  the  ablative  chamber  firings.  All  Task  2  testing  employed 
the  2-G  oxidizer  orifice  ring  configuration. 

(U)  Since  the  ablative  engine  tests  required  hot  restarts,  the  HEPTS  A-l 
test  stand  was  re-plumbed  to  close-couple  the  fire  valves  to  the  engine. 

The  fire  valves  were  relatively  slow  response  Annin  valves,  and  were  mounted 
directly  on  the  injector  to  minimize  the  priming  volume.  The  revised  test 
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Table  7. 


Chamber  No.  1 


Chamber  No.  2 


Task  2  Ablative  Thrust  Chamber  Test  Summary  (U) 


On  Time 

Off  Time 

16  seconds 

Complete  cooldown 

60  seconds 

600  second  heat  soakback 

4  seconds 

KEnd  of  Testing) 

60  seconds 

30  seconds 

1  second 

15  seconds 

1  second 

15  seconds 

35  seconds 

(End  of  Testing) 

UNCLASSIFIED 


(j)  stand  cunfigurat ion  is  shown  m  Figure  52  with  the  aiiutive  engine  n^ur. 
on  the  thrust  stand. 

U!)  The  instrumentation  for  the  injector/chamber  compatibility  tests  was 
identical  to  the  instrunentat ion  for  the  previous  test  series  except  for 
thrust  chanber  instrunentat ion.  Chamber  pressure  measurements  were  made 
threigh  ports  in  the  injector  face  and  corrected  tc  nozzle  stagnation 
pressure.  There  were  no  dynamic  pressure  measurements  taken  with  the 
ablative  engine-  Thermal  data  were  taken  at  three  circumferential  locations 
120  degrees  apart  and  at  two  axial  stations.  The  axial  location  of  the 
thermocouples  was  near  the  start  of  nozzle  convergence  and  at  the  geo¬ 
metric  throat. 

(U)  The  thermocouple  assembly  was  a  1/4  inch  diameter  plug  of  MX2600 
silica  phenolic  with  slots  on  two  sides  of  the  plug.  There  is  resin-glass 
insulation  on  individual  wires  along  sides  of  the  plug  with  bare  wire 
across  the  er.d  of  the  plug.  The  thermocouple  wire  was  cemented  into  the 
slots  with  low  expansion  cement  and  the  plug  was  then  potted  into  the 
hole  in  the  liner  with  epoxy  cement.  The  thermocouple  plugs  extend  into 
the  ablative  liner  to  within  0.3  inch  of  the  inside  surface.  Figure  55 
illustrates  the  thermocouples  during  assembly  prior  to  cementing  the  wire 
in  the  slots.  Figure  54  shows  how  the  thermocouple  plugs  were  inserted 
into  the  abiative  liner.  The  groove  along  the  side  of  the  liner  carries 
the  wire  to  the  outside  of  the  metal  shell. 

Experimental  Results 

(U)  The  Task  2  effort  began  with  a  test  stand  checkout  run  using  heat 
sink  hardware.  The  checkout  run  was  necessary  because  the  stand  had  been 
re-plumbed  as  described  earlier.  The  checkout  run  'HA1-412)  disclosed  no 
variation  in  the  system  from  previous  tests.  All  Task  2  tests  were  con¬ 
ducted  with  cavitating  venturis  in  the  propellant  feed  system  to  maintain 
constant  flow  rates  so  that  chamber  pressure  was  directly  proportional  to 
throat  area  as  a  cross  check  of  post-test  diametral  measurements. 

(*J)  The  ablative  engine  assembly  with  S/N-l  abiative  liner  was  then 
mounted  on  the  stand.  The  initial  test  (HA1-415)  using  the  ablative 
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(C)  engine  was  targeted  for  a  mixture  ratio  of  1.4  and  a  nominal  duration  of 
16  seconds.  The  actual  mixture  ratio  was  1.49  and  the  measured  characteristic 
velocity  efficiency  was  97  percent.  Post-test  inspection  of  the  ablative 
liner  revealed  erosion  of  the  throat.  However,  there  were  no  streaks  evi¬ 
dent.  Figure  55  is  a  Post  HA1-413  view  of  the  ablative  chamber  viewing 
from  the  injector  end  into  the  throat.  The  head  end  area  of  the  ablative 
liner  showed  evidence  material  delamination  near  the  point  where  propellant 
impingement  occurs.  Post  test  measurements  were  taken  on  the  chamber  at 
four  axial  locations.  The  throat  diameter  measured  2.90  inches  (average 
of  three  measurements)  after  test  HA1-413.  This  is  an  erosion  of  0.097 
inches  during  the  16  second  run. 

(C)  After  post  test  measurements  and  photographs  were  taken,  the 
thrust  chamber  assembly  was  again  mounted  on  the  stand.  Another  test 
was  performed  using  the  same  ablative  chamber  (S/N-l) .  Test  HA1-414 
had  a  target  mixture  ratio  of  1.2  and  a  target  duration  of  60  seconds 
with  a  soak  period  of  600  seconds  followed  by  a  hot  restart  of  4  second 
duration.  Actual  mixture  ratio  was  1.20  and  the  characteristic  velocity 
efficiency  for  this  test  was  measured  as  0.955.  Post  test  inspection  of 
the  chamber  revealed  two  rather  light  streaks  as  shown  in  Figure  56.  The 
two  areas  of  asymmetric  erosion,  that  corresponded  to  the  180°  and  250° 

(clockwise  from  the  fuel  inlet)  locations  which  were  identified  during 
the  uncooled  thrust  chamber  testing  (see  section  4.3.2,  Thermal  Charac¬ 
teristics)  .  It  was  found  that  the  thermocouple  plugs  began  to  leak  hot 
gas  when  the  char  layer  reached  the  plug  which  was  0.3  inch  from  the 
inside  surface.  The  post  test  throat  diameter  measurement  was  3.14  inches 
(average  of  three  measurements)-  for  a  net  erosion  of  0.212  inches  during 
the  60  second  run  and  4  second  restart  after  a  600  second  heat  soakback. 

(C)  The  second  ablative  chamber  assembly  was  subjected  to  a  multiple  restart 
duty  cycle  consisting  of  an  initial  60  second  duration  firing,  a  30  second 
soakback,  two  (2)  pulses  of  1  second  on  and  15  seconds  off,  and  concluding 
with  another  long  duration  firing.  The  chamber  pressure  characteristics  during 
the  initial  60  seconds  of  operation  are  illustrated  in  Figure  57.  The  mixture 
ratio  was  1.19  and  the  measured  characteristic  velocity  efficiency  was  97  percent. 
The  firing  was  prematurely  terminated  during  the  third  restart  after  35  seconds 


CONFIDENTIAL 


UNCLASSIFIED 


57.  Chamber  Pressure  Ve 


CONFIDENTIAL 


AFRPL-TR-69-231 
Page  115 


1 


m 


E 


w 


■o- 


m 


(.C)  following  an  abrupt  drop  in  chamber  pressure  caused  by  loss  of  the 
injector  pintle  tip.  The  oxidizer-contacting  side  of  the  columbium  pintle 
tip  was  not  aluminide  coated  and  the  long  cumulative  exposure  to  N2O4 
during  the  Tasx  lb  and  Task  2  testing  embrittled  the  columbium  which  resulted 
in  structural  failure  of  the  pintle  tip.  (Subsequent  testing  in  Task  3  em¬ 
ployed  a  completely  aluminide  coated  pintle  tip  which  was  successfully 
operated  without  incident  for  a  cumulative  operating  time  greater  than  330 
seconds  obtained  in  23  starts,  of  which  11  were  hot  re-starts.)  The  post- 
test  throat  diameter  was  2.98  inches  for  a  net  erosion  of  0.136  inches 
during  the  97  seconds  of  cumulative  operation  with  three  hot  restarts. 

(U)  The  experimental  and  analytical  temperature  profiles  and  erosion  depths 

from  the  ablative  chamber  tests  were  compared  to  determine  the  recovery 

temperature  at  the  throat.  The  analytical  results  were  obtained  using  a 

simulated  thermal  model  programmed  for  a  Charring  and  Dimensional  Ablation 

-3  2 

Program.  A  calculated  Bartz  film  coefficient  of  2.1  x  10  Btu/sec-in  -  F 
was  used  at  the  throat.  Although  the  technique  is  dependent  upon  the  choice 
of  convective  coefficient,  experience  has  shown  that  at  the  throat,  the  theo¬ 
retical  Bartz  prediction  was  in  reasonable  agreement  with  the  values 
obtained  from  the  Task  1  test  data  reduction*  The  results  of  the  data  matching 
indicated  that  the  recovery  temperature  in  the  throat  region  was  in  the  ranqe 
of  3300°F  to  3800°F.  The  agreement  with  the  3500°F  value  derived  from  the  un¬ 
cooled  thrust  chamber  data  (Section  4.3.2)  was  considered  extremely  good  considering 
the  variety  of  factors  which  could  adversely  influence  the  data  correlation. 

(U)  The  objectives  of  establishing  the  basic  compatibility  of  the  injector 
with  an  ablative  thrust  chamber  through  a  long  duration  test,  followed  by  a 
hot  restart  to  demonstrate  satisfactory  operation  of  the  hydrazine  fuel 
under  restart  conditions,  were  amply  demonstrated  during  the  Task  2  testing. 

Two  ablative  thrust  chamber  liners  were  subjected  to  different  extremes  of 
firing  conditions  utilizing  the  highest  performing  injector  configuration 
evaluated  under  the  program.  Although  throat  erosion  was  encountered  on 
both  thrust  chambers,  the  overall  results  at  the  high  injector  performance 
levels  tested  were  very  encouraging  considering  the  program  approach  of 
directly  proceeding  from  short  duration  uncooled  thrust  chamber  hardware 
testing  to  long  duration,  multiple  start  ablative  chamber  testing  without 
intermediate  testing  stages. 
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4.3.4  Injector  Predicted  Altitude  Performance 

(U)  As  stated  previously,  all  test  firings  were  conducted  with  a  low 
area  ratio  nozzle  with  expansion  to  ambient  pressure  conditions.  The 
contract  performance  goals  are  stated  in  terms  of  vacuum  expansion  of  a 
30:1  area  ratio  nozzle  which  requires  that  a  prediction  of  altitude  per¬ 
formance  be  made  on  the  basis  of  the  low  area  ratio  test  data.  The  ICRPG 
Performance  Standardization  Working  Group  procedure  (Reference  9)  for 
considering  the  five  acknowledged  loss  mechanisms  (kinetics,  divergence, 
mixture  ratio  distribution,  incomplete  combustion,  and  viscous  effects 
and  heat  transfer)  was  followed  for  these  performance  predictions. 

(U)  Figure  38  presents  the  theoretical  performance  of  at  an 

area  ratio  of  30:1  as  a  function  of  mixture  ratio.  The  performance  de¬ 
crements  between  the  equilibrium  specific  impulse  and  the  two  dimensional 
Kinetic  specific  impulse  corrected  for  boundary  layer  effects  for  a  3000°F 
chamber  wall  environment  is  shown  to  be  strongly  influenced  by  mixture 
ratio.  The  nozzle  contour  selected  for  the  analysis  was  an  80  percent 
bell  contour  with  a  2.7  inch  throat  diameter,  and  with  the  upstream  and 
downstream  throat  radii  of  curvature  equal  to  the  throat  diameter.  The 
divergence  efficiency  of  this  contour  was  .9875,  The  equi librium  per¬ 
formance  and  axisymmetric  kinetic  performance  parameters  were  obtained 
from  TRW  developed  computer  programs  (References  10  and  11,  respectively) 
which  are  the  ICRPG  industry  references.  The  performance  loss  from  com¬ 
bined  friction  and  heat  transfer  was  calculated  on  a  computer  program 
developed  by  JPL  (Reference  8).  Figure  58  also  illustrates  the  range  of 
performance  loss  incurred  through  two-zone  expansion  of  a  cool  zone  at  the 
chamber  wall  (3000°F)  which  surrounds  a  higher  mixture  ratio  core.  The 
two-zone  flow  losses  are  presented  in  terras  of  outer  zone  flow-to-total 
flow  versus  overall  throughput  mixture  ratio.  (The  Two  Dimension  Kinetic 
Corrected  for  Viscous  Losses  curve  is  also  the  zero  outer  zone  flow 
condition  for  the  two-zone  expansion  losses  comparison.) 

(U)  The  lower  temperature,  fuel -rich  environment  adjacent  to  the  thrust 
chamber  wall  which  is  requisite  to  injector-compatibility  is  conventionally 
provided  by  film  cooling  (or  boundary  layer  cooling)  in  multi-element  in¬ 
jectors.  However,  the  single-element  coaxial  injector  developed  under  this 
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Figure  58.  Theoretical  Vacuum  Specific  Impulse  For  50:1  Area  Ratio 
80  Percent  Bell  Nozzle  (U) 
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(U)  program  accomplished  the  necessary  wall  environment  control  by  geometrical 
spacing  of  the  oxidizer  slots  and  by  balance  of  the  fuel  and  oxidizer 
injection  momenta,  without  recourse  to  supplemental  film  cooling  (see 
section  4.3.2).  As  a  consequence,  the  division  of  the  total  injector 
throughput  between  the  cool  zone  adjacent  to  the  thrust  chamber  wall  and 
the  remaining  hot,  high  performance  inner  core  cannot  be  directly  measured. 

Water  flow  patternation  of  the  injector  was  attempted  to  establish  mass 
and  mixture  ratio  distributions  but  did  not  add  any  insight  (see  section  4.1.3). 
In  fact  the  cold  flow  distribution  study  predicted  an  oxidizer-rich  wall  en¬ 
vironment,  however,  gas  sampling  of  the  combustion  products  and  high  speed 
photography  of  the  combustion  process  conclusively  demonstrated  that  the 
wail  environment  was  fuel-rich  (see  section  4.3.2).  Therefore,  measurement 
of  the  characteristic  velocity  performance  under  this  program  is  a  composite 
evaluation  of  both  combustion  efficiency  (or  energy  release  efficiency)  and 
mixture  ratio  distribution.  It  should  also  be  noted  that  the  assigned 
division  of  losses  between  actual  combustion  efficiency  and  mixture  ratio 
distribution  has  a  small  overa. ■  effect  in  correlating  characteristic 
velocity  data.  However,  the  effects  on  correlating  specific  impulse  are 
not  trivial  as  shown  in  Figure  58. 

(U)  The  theoretical  performance  of  the  test  nozzle  configuration  (3.5:1 
area  ratio  15  degree  half-angle  cone)  for  both  equilibrium  flow  and  two 
dimension  kinetic  with  boundary  layer  corrections  is  presented  as  Figure  59. 

(C)  In  the  absence  of  specific  determinations  of  mixture  ratio  distribution 
and  energy  release  efficiency  which  are  necessary  to  rigorously  follow  the 
ICRPG  prediction  procedure,  the  measured  specific  impulse  data  were  cor¬ 
rected  by  the  ratio  of  the  theoretical  two  dimensional  kinetic  performance 
with  boundary  layer  losses  for  the  30:1  nozzle  divided  by  the  comparable 
kinetic  performance  for  the  3.5:1  test  nozzle  at  the  identical  mixture 
ratio.  The  results  of  this  correlation  are  presented  in  Figure  60  for 
both  the  2-B  and  2-G  injector  configurations  operating  in  a  fixed  orifice 
mode.  The  measured,  uncorrected  specific  impulse  test  data  and  the  cor¬ 
responding  predicted  30:1  area  ratio  expansion  specific  impulse  values  are 
summarized  in  Table  8.  The  ablative  thrust  chamber  performance  values 
from  both  Tasks  2  and  3  are  also  presented  in  Table  8  and  in  Figure  60. 
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Figure  60.  Injector  Vacuum  Specific  Impulse  Performance  fU) 
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(C)  The  ablative  thrust  chamber  data  slice  intervals  correspond  to  the  same 
operating  durations  as  the  uncooled  thrust  chamber  hardware  data  points. 

The  test  data  have  not  been  corrected  for  heat  transfer  losses.  It  is 
evident  from  Figure  60  that  both  of  the  injector  configurations  exceed  the 
300  second  specific  impulse  goal  at  mixture  ratio  values  of  1.2  and  greater. 
At  the  1.2  mixture  ratio,  the  nominal  performance  of  the  2-G  configuration 
is  30S  seconds  and  the  nominal  performance  of  the  2-B  configuration  is  302 
seconds. 

(C)  Evaluation  of  measured  injector  performance  data  and  prediction  of 
altitude  specific  impulse  for  a  30:1  area  ratio  nozzle  results  in  the  fol¬ 
lowing  conclusions: 

«  Both  the  2-B  ai  2-G  injector  configurations  exceed  the  con¬ 
tract  performance  goal  at  mixture  ratios  of  1.2  and  greater. 

•  Hie  2-G  injector  performance  is  ?  percent  higher  than  con¬ 
figuration  2-B  at  th*  optimum  mixture  ratio  of  1.2. 

»  The  performance  of  injector  configuration  2-B  is  nearly  in¬ 
dependent  of  mixture  ratio  over  an  operating  range  of  1.2 
to  1.4. 
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5.  THRUST  CHAMBER  MATERIALS  EVALUATION 

(U)  The  Task  3  Thrust  Chamber  Materials  Evaluation  effort  was  added  to 
the  program  following  the  completion  of  the  brief  Task  2  injector-chamber 
compatibility  test  activity.  The  objective  of  this  activity  was  to  acquire 
comparative  performance -chamber  durability  information  on  all-ablative  and 
throat  insert  configuration  thrust  chambers  test  fired  for  a  common  restart 
duty  cycle. 

(U)  The  experimental  performance  and  heat  transfer  results  obtained  under 
Tasks  1  and  2  indicated  that,  the  2-G  and  the  2-B  injector  configurations 
differed  approximately  2-percent  in  delivered  performance  while  the  throat 
heat  transfer  rates  and,  consequently,  wall  recovery  temperature  differed 
approximately  20-percent.  The  recovery  temperature  at  the  throat  for  the 
2-G  configuration  (the  higher  performing  configuration)  was  approximately 
3500°F  while  the  recovery  temperature  for  the  2-B  configuration  was  approx¬ 
imately  3000°F.  The  differences  in  performance  and  heat  rejection  resulted 
from  variations  in  oxidizer  orifice  geometry  which  affect  the  forced  mix¬ 
ing  characteristics  of  the  injector.  Dimensional  ablation  of  a  soft  throat 
ablative  thrust  chamber  is  predicted  as  non-existent  for  recovery  tempera¬ 
tures  up  to  3000° F,  whereas  significant  erosion  is  predicted  for  recovery 
temperatures  greater  than  3400° F.  At  the  higher  recovery  temperatures, 
throat  inserts  can  provide  an  additional  margin  of  erosion  resistance. 

The  approach  of  this  effort  was  to  (1)  evaluate  the  performance  of  the  2-B 
configuration  injector  with  an  all  ablative  thrust  chamber,  and  (2)  to 
evaluate  candidate  throat  insert  materials  using  the  2-G  configuration 
which  had  been  tested  previously  with  all-  ablative  chambers  in  Task  2. 

(U)  Coincident  with  the  completion  of  the  Task  2  compatibility  testing, 

TRW  was  conducting  an  extensive  literature  and  laboratory  test  evaluation 
of  thrust  chamber  materials  for  the  Lunar  Module  Descent  Engine  Ablative 
Chamber- In j ector  Compatibility  Improvement  Study  under  contract  NAS  S-8229. 
The  results  of  the  comprehensive  materials  survey,  which  are  reported  in 
Reference  12,  revealed  a  very  limited  choice  of  candidate  threat  insert 
materials  which  were  available  in  physical  sizes  necessary  for  this  pro¬ 
gram  and  had  also  been  previously  evaluated  in  rocket  engine  firings.  It 
was  significant  that  none  of  the  candidate  materials  had  been  tested  at 
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the  chamber  pressure  and  hardware  size  of  this  program.  Two  materials  were 
selected  for  evaluation  in  Task  3:  JTA  graphite  and  a  zirconia  reinforced 
with  tungsten-rhenium  fibers.  The  reinforced  zirconia  material  had  been 
developed  under  a  NASA-Lewis  Research  Center  Program  (Reference  13  )  and 
was  singularly  successful  in  multiple  test  firings  conducted  by  NASA-LeRC 
at  100  psi  chamber  pressure  with  N90^/50-50  N^H^-UDMH. 

(U)  The  overall  configuration  of  the  three  ablative  chambers  fabricated 
in  Task  3  (one  all-ablative  and  two  ablative  chambers  with  throat  inserts) 
were  identical  to  the  Task  2  ablative  chambers  and  the  same  chamber  liner 
retainer  hardware  was  used  for  testing  (see  Section  3.6).  The  general 
design  approach  of  the  Task  3  thrust  chambers  is  illustrated  in  the  follow¬ 
ing  sketch.  All  three  chambers  were  fabricated  with  a  bonded  tongue  and 
groove  joint  and  a  glass  overwrap. 


(U)  The  throat  insert  configuration  was  selected  by  the  reinforced  zirconia 
supplier  based  on  his  previous  test  experience  and  the  specific  operating 
conditions  of  this  program.  A  thermal  stress  analysis  of  the  zirconia  in¬ 
sert  was  not  performed.  The  JTA  graphite  insert  configuration  was  analyzed 
for  thermal -mechanical  behavior. and  is  discussed  in  Section  5.2. 

(U)  The  zirconia  insert  matrix  material  was  a  fine  texture  zirconia  par¬ 
tially  stabilized  with  2.85%  MgO.  The  reinforcement  was  7  volume  percent 
of  2-mil  diameter  x  1/8"  long  chopped  wire  of  W-3%  Re  alloy  randomly 
oriented  in  the  matrix.  The  insert  was  fabricated  by  isostatic  pressing 
at  30,000  psi  around  a  removable  metal  core.  A  vacuum  cycle  of  4  hours  at 
4000° F  was  used  for  sintering  the  compact.  The  density  of  the  machined 
insert  was  measured  by  water  displacement  at  5.9  g/cc  which  was  90%  of 
theoretical  density. 
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(U)  Tne  JTA  graphite  insert  was  machined  from  a  billet  of  Union  Carbide 
processed  material  with  the  axis  of  symmetry  coincident  with  the  extrusion 
direction. 


5.1  TRANSIENT  THERMAL  ANAL YS I S 

(U)  The  thermal  behavior  of  a  reinforced  zirconia  thrust  insert  and  a  JTA 
throat  insert  of  identical  geometry  were  analyzed  to  define  the  temperature 
gradients  for  subsequent  evaluation  of  the  thermal  stress  behavior  of  the 
JTA  insert  material.  A  two-dimensional  model  of  the  insert,  the  surround¬ 
ing  ablative  material  and  the  mild  steel  enclosure  was  formulated  on  a 
Thermal  Analyzer  Program.  Figure  61  shows  a  sketch  of  the  modelled  region 
and  some  of  the  nodes  at  the  interface  between  the  hard  throat  insert  and 
the  surrounding  ablative  material.  The  total  thermal  model  was  quite  de¬ 
tailed  and  consisted  of  158  nodes. 

(U)  Based  on  the  thermal  data  reduction  studies  of  Task  2  (see  Section 
4.3.3),  a  recovery  temperature  of  3500° F  was  used,  and  it  was  assumed  that 
the  convective  heat  transfer  coefficient  was  adequately  approximated  by 
the  standard  Bartz  relation.  The  duty  cycle  investigated  consisted  of  a 
90  second  bum,  a  15  second  soak,  and  a  final  5  second  bum. 

(U)  Figure  62  shows  the  temperature  distribution  through  the  zirconia 
throat  insert  at  various  time  intervals  through  the  test  duty  cycle  md 
soakback.  It  can  be  seen  that  initially,  due  to  the  low  conductivity  of 
the  zirconia,  there  will  be  a  very  steep  gradient  near  the  inside  surface 
(i.e.,  gas  side  surface). 

(U)  Figure  63  shows  the  temperature  distribution  through  the  JTA  parallel 
graphite  throat  insert  at  various  time  intervals  through  the  test  duty  cycle. 
Because  of  the  much  higher  conductivity  of  the  JTA  along  the  shear  planes, 
as  compared  to  the  zirconia,  the  thermal  gradients  through  the  insert  are 
much  less  steep. 
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Figure  61.  Location  of  Boundary  Nodes  on  Throat  Insert 


TEMPERATURE  (°F) 


UNCLASSIFIED 


& 

1 

«* 

i 

•5 


AFRPL-TR-69-231 
Page  128 


Figure  62.  Predicted  Temperature  Distribution  Through  Zirconia  Throat  Insert  (U) 
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(U)  In  order  to  determine  the  thermal  adequacy  of  the  interface  between 
the  insert  and  the  surrounding  MX  2600  ablative  material,  temperatures  at 
the  interface  are  presented  in  Figure  64  for  the  zirconia  insert.  During 
the  firing,  nodes  1  and  7,  located  close  to  the  gas-side  surface,  are 
predicted  to  heat  up  to  greater  than  3300°F.  None  of  the  other  interface 
nodes  exceed  2000°F. 


(.0)  Figure  o5  shows  the  pi'edicted  interface  temperature  results  for  the  graphite 
insert  during  the  test  duty  cycle.  Nodes  1  and  7  rise  in  temperature 
slightly  less  rapidly  than  for  the  zirconia  insert  but  exceed  3400°F  at 
the  end  of  the  duty  cycle.  The  other  nodal  locations  at  the  interface 
approach  3300° F  at  the  end  of  the  duty  cycle. 

5.2  THERMAL  STRESS  ANALYSIS  OF  JTA  INSERT 

(U)  A  combined  experimental  and  analytical  study  was  conducted  to  provide 
information  on  the  probable  mechanical  behavior  of  a  JTA  throat  insert. 

Fracture  of  the  insert  due  to  large  thermal  stresses  or  cyclic  heating  was 
the  primary  concern. 

(U)  Laboratory  thermal  stress  tests  were  performed  on  three  hollow  cylin¬ 
drical  test  samples.  The  heating  rates  employed  and  the  temperature  dif¬ 
ferentials  achieved  were  comparable  to  those  calculated  for  an  actual  JTA 
throat  insert.  Each  sample  was  subjected  to  several  heating  pulses,  all 
starting  from  room  temperature.  The  induced  thermal  stresses  and  deforma¬ 
tions  were  calculated  using  the  best  available  stress-strain  data  for  JTA. 

These  calculated  stresses  were  compared  with  the  tensile  and  compressive 
strengths  of  JTA  as  well  as  with  the  calculated  stresses  based  on  the  pre¬ 
dicted  temperatures  in  the  thrust  chamber  insert  during  a  standard  heating 
pulse . 


5.2.1  Experimental  Results 

(U)  The  JTA  used  to  determine  the  thermal  shock  behavior  of  this  material 
was  obtained  from  Union  Carbide  in  1965  and  had  been  stored  at  TRW  since 
that  time.  No  details  are  available  concerning  the  prior  history  of  the 
material . 
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(U)  Three  thermal  stress  test  samples  were  machined  from  the  original 
piece  obtained;  the  dimensions  of  the  hollow  cylinder  test  samples  were 
1/2"  high,  1"  I.D.  and  2"  O.D.  The  samples  were  heated  from  the  I.D.  by 
electron  bombardment  as  in  tests  of  other  materials  run  and  reported  pre¬ 
viously.  In  the  case  of  JTA,  however,  the  inside  surface  of  each  of  the 
test  samples  was  coated  with  a  thin  Ta  layer  prior  to  testing  to  reduce 
the  emissivity  and  to  attempt  to  keep  low  melting  point  constituents  at 
the  I.D.  from  causing  difficulties  with  the  electron  beam.  The  Ta  formed 
a  TaC  layer  during  bakeout  upon  reacting  with  carbon  in  the  JTA. 

(U)  After  coating,  three  W-W  +  26%  Re  thermocouples  were  attached  to  the 
sample  by  first  spot  welding  Ti  tabs  to  the  samples,  then  spot  welding  the 
thermocouples  to  the  tabs.  This  procedure  was  used  since  it  had  been 
established  that  the  thermocouples  could  not  be  welded  directly  to  the 
samples. 

(U)  The  three  thermocouples  were  located  at  positions  near  the  I.D. 
(generally  about  0.050"  from  the  inside  surface),  about  half  way  through 
the  wall  and  near  the  O.D.  The  I.D.  thermocouple  readings  do  not  truly 
reflect  the  actual  I.D.  temperature  since  they  are  placed  about  50  mils 
from  the  surface.  However,  placing  the  thermocouple  junction  directly  on 
the  I.D.  would  result  in  serious  recording  problems;  based  on  previous 
studies  the  locations  chosen  were  found  to  be  the  most  acceptable  compro¬ 
mise. 


(U)  The  samples  were  tested  by  electron  bombardment  of  the  I.D.  surfaces. 
During  the  course  of  the  test,  the 


1  A 

oampic 


V»3»  S 


monitored  by  recording  the 


three  thermocouple  outputs,  the  diameter  change  and  the  power  supply  output, 
Both  analog  and  digital  records  of  each  of  the  runs  were  made. 


(U)  During  a  typical  test  run,  the  electron  beam  power  raises  to  a  preset 
level,  referred  to  as  the  peak  power  over  a  time  span  of  the  order  of  0.1 
second.  As  the  I.D.  of  the  sample  radiates  to  the  filament,  the  charac¬ 
teristics  change,  resulting  in  a  gradual  lowering  of  the  output  power  until 
the  power  shutdown.  This  shutdown  is  accomplished  either  manually  or  auto¬ 
matically  at  a  preset  time.  The  power  is  recorded  both  as  an  analog  trace 
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(U)  and  as  a  digital  output,  the  digital  portion  recorded  as  KK.  For  the  sneci 

■> 

men  geometry  used  in  this  study,  1  KK  =  .415  BTU/in“  sec. 

(■J)  All  three  samples  survived  all  of  the  test  cycles  without  fracturing 
during  the  heat-up  portion  of  the  c>cles  but  fracture  of  all  three  samples 
was  induced  during  cooling  by  controlling  the  temperature  histories.  Peak 
power  inputs  ranged  from  IS  KK  to  75.4  KK  or  7.45  to  31.4  BTU/in-  sec. 

(U)  Although  no  effort  was  made  to  obtain  sample  dimension  changes  to 
determine  if  plastic  deformations  occurred  during  testing,  there  is  reason 
to  suspect  that  plastic  deformation  did  take  place  in  JTA  resulting  in  the 
cracks  observed  at  the  I.D.  in  all  three  samples.  In  all  cases,  the  samples 
did  not  fracture  completely  through  the  wall.  This  type  of  cracking  is 
typically  found  in  thermal  stress  samples  that  have  undergone  plastic  defor¬ 
mation  during  testing  and  which  crack  due  to  the  stress  reversal  which 
occurs  at  the  I.D.  after  the  peak  temperature  gradients  have  passed. 

(U)  The  details  of  each  of  the  tests  run  for  the  three  samples  is  given 
in  Appendix  B. 

5.2.2  Stress  Analysis 

(U)  Stresses  in  both  the  laboratory  specimens  and  the  JTA  insert  were 
calculated  using  a  TRW  Systems  computer  program  which  can  be  applied  either 
to  thin  annular  discs  (plane  stress)  or  long  hollow  cylinders  (plane  strain) 
subjected  to  an  arbitrary  radial  temperature  distribution.  By  comparing  the 
solutions  obtained  from  these  two  extreme  cases,  estimates  also  can  be  made 
of  the  stresses  induced  in  axially  symmetric  bodies  of  intermediate  length. 

Both  plasticity  and  anisotropy  are  taken  into  account  in  the  analysis,  and 
all  of  the  material  properties  are  treated  as  functions  of  temperature. 

(U)  The  material  properties  used  in  the  analysis  were  taken  from  Refer¬ 
ence  14.  The  coefficients  of  thermal  expansion  are  fairly  well  defined  but 
the  stress-strain  behavior  of  JTA  is  subject  to  interpretation,  particu¬ 
larly  in  regard  to  plasticity  and  stress  reversal  effects.  For  purposes 
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of  comparison,  two  sets  of  stress-strain  data  were  used  to  calculate  the 
stresses  in  the  insert: 

(1)  Plastic.  An  elastic  modulus  in  the  r-9  direction  of 
10.6  x  106  psi,  with  a  yield  stress  of  10  ksi ,  and  a 
modulus  in  the  axial  (z)  direction  of  4  x  106  psi,  with 
a  yield  stress  of  7  ksi.  The  complete  stress-strain 
curves  which  were  used  are  shown  in  Figure  66. 

(2)  Elastic.  An  r-0  elastic  modulus  of  7.5  x  106  psi  and 
an  axial  modulus  of  2.8  psi,  with  the  material  assumed 
to  be  completely  elastic  (dashed  lines  ir.  Figure  66). 

In  both  cases,  the  Poisson's  ratios  were  taken  as  .28  for  v  .  =  v.  , 

re  er 

and  .14  for  v?0  and  (stress  applied  in  z  direction). 

(U)  Temperature  profiles  through  the  wall  during  the  third  heating  pulse 
of  Specimen  B  (43  KW,  5.9  seconds)  are  shown  in  Figure  67.  Using  the  plane 
stress  (thin  disc)  analysis  with  the  "plastic"  stress-strain  curves,  the 
maximum  circumferential  tensile  stress  at  the  specimen  O.D.  was  calculated 
to  occur  at  about  2  seconds  and  to  have  a  magnitude  of  11.3  ksi.  The  peak 
compressive  stress  at  the  I.D.  occurred  at  about  1  second  and  was  26.0  ksi. 
These  two  calculated  stress  values  correspond  almost  exactly  to  the  pub¬ 
lished  values  for  the  tensile  and  compressive  strength  of  JTA.  As  has  been 
pointed  out,  however,  no  tensile  failures  were  observed  during  heat-up  in 
any  of  the  thermal  stress  tests . 

(U)  Calculated  temperature  profiles  through  the  wall  of  the  thrust  chamber 
JTA  insert  at  the  throat  section  also  are  shown  in  Figure  67.  The  tempera¬ 
ture  differential  across  the  wall  of  the  insert  is  greatest  at  about  5 
seconds  and  is  equal  to  about  1420°  (1950°F  to  530°F).  In  comparison  at  2 
seconds  in  the  thermal  stress  specimen,  the  temperature  differential  across 
the  wall  is  about  2150°  (3070°F  to  920°F) . 

(U)  When  these  data  are  used  to  calculate  the  peak  O.D.  tensile  stresses 
in  the  insert,  values  ranging  from  9  to  14  ksi  are  obtained,  as  shown  in 
Figure  66,  defending  upon  whether  the  plane  stress  or  the  plane  strain 
analysis  is  employed,  and  also  depending  upon  which  stress-strain  curves 
are  used.  Generally,  however,  the  stresses  in  the  JTA  insert  will  be 
slightly  lower  than  in  the  thermal  stress  specimens. 
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AXIAL  STRAIN  (PER  CENT) 


Figure  66.  Peak  Stresses  During  Heat-up  of  JTA  Graphite  (U) 
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(U)  sane  basis  as  for  the  thermal  stress  specimen,  the  peak  O.D.  tensile  stress 
in  the  insert  (at  5  seconds)  is  10.0  ksi  compared  to  11.3  ksi  in  the  thermal 
stress  specimen.  The  peak  compressive  stress  at  the  insert  I.D.  is  19  ksi 
(compared  to  26  ksi).  The  amount  of  plastic  flow  at  the  insert  I.D.  is  only 
about  half  as  much  as  in  the  thermal  stress  specimen,  which  means  that  the 
probability  of  cracking  at  the  I.D.  is  lower. 


(U)  When  the  plane  strain  analysis  is  used,  tensile  stresses  of  5  to  6  ksi 
are  predicted  in  the  axial  direction  (at  the  insert  O.D.).  The  tensile 
strength  of  JTA  in  the  axial  direction  is  also  in  the  neighborhood  of  5  to 
6  ksi. 


(U)  A  comparison  between  the  calculated  stresses  in  the  laboratory  thermal 
stress  specimens  and  the  thrust  chamber  insert  (based  upon  measured  tempera¬ 
tures  and  predicted  temperatures,  respectively)  indicates  that  the  labora¬ 
tory  specimens  were  subjected  to  a  slightly  more  severe  thermal  stress 
environment  than  the  thrust  chamber  insert  is  expected  to  see.  There  are 
many  unknowns,  however,  and  many  factors  which  could  work  to  produce  a  l^ss 
favorable  result.  The  fact  that  one  set  of  calculated  stresses  is  based 
upon  temperatures  obtained  from  thermocouple  measurements  while  the  other 
is  based  upon  temperatures  predicted  by  -a  thermal  analysis  is  a  difference 
which  is  certain  to  introduce  some  error  into  the  comparison.  Also,  the 
fact  that  the  insert  is  relatively  longer  in  axial  dimension  than  the 
thermal  stress  specimen  may  cause  the  circumferential  stresses  to  be  slightly 
higher  than  indicated  by  the  plane  stress  comparison  and  result  in  axial 
stresses  in  the  insert  more  like  those  predicted  by  the  plane  strain  analy¬ 
sis.  Since  the  calculated  maximum  tensile  stresses  in  all  cases  are  right 
on  the  borderline  of  the  tensile  strength  of  the  material  (both  circumfer¬ 
ential  and  axial)  any  such  errors  or  unaccounted-for  differences  between 
the  two  cases  could  be  the  cause  of  a  difference  in  outcome  for  the  thrust 
chamber  insert  from  that  which  was  predicted. 
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5.3  EXPERIMENTAL  EVALUATION 

(.U)  The  originally  planned  test  duty  cycle  was  90  seconds  on,  seconds 

off,  and  a  5  second  restart  and  the  thermal  analyses  (see  Section  5.1)  were 
made  on  this  basis.  However,  in  the  interest  of  obtaining  the  maximum  of 
technical  information  from  this  task,  the  AFRPL  recommended  that  the  duty 
cycle  be  changed  to  90  seconds  on,  25  seconds  off,  followed  by  multiple 
restarts  of  5  seconds  on  and  8  seconds  off.  Evaluation  of  the  previously 
conducted  thermal  analysis  indicated  that  the  JTA  insert  chamber  that  had 
been  fabricated  to  a  one-restart  design  configuration  would  not  survive 
multiple  restarts  due  to  excessively  high  temperatures  at  the  JTA-ablalive 
interface  (see  Figure  63J.  The  all-ablative  and  reinforced  zirconia  insert 
thrust  chambers  did  not  appear  to  be  similarly  limited  and  the  multiple  re¬ 
start  duty  cycle  was  adopted  for  these  two  units.  The  original  single  re¬ 
start  duty  cycle  was  retained  for  the  JTA  insert  chamber  configuration. 
Figure  6S  presents  a  pre-firing  photograph  of  the  three  ablative  thrust 
chambers. 

(U)  A  series  of  six  calibration  and  check-fire  tests  was  conducted  with 
both  the  2-B  and  2-G  oxidizer  orifice  rings  in  the  same  injector  in  uncooled 
chamber  hardware.  These  tests  were  conducted  using  the  mixture  ratio-injec¬ 
tor  pressure  drop  ratio  matrix  employed  during  Task  1.  The  performance 
results  were  directly  comparable  to  the  Task  1  data,  as  was  expected.  The 
time  span  between  completion  of  Task  2  testing  and  the  start  of  Task  5  was 
six  months.  This  series  of  checkout  tests  verified  both  injector  and  facil¬ 
ity  operability. 

(U)  The  target  injector  operating  conditions  for  all  three  thrust  chambers 
was  a  mixture  of  1.2  with  an  injection  pressure  drop  ratio  (APIO/APIF)  of  1. 
The  2-G  configuration  oxidizer  orifice  ring  was  used  for  testing  the  two 
chambers  with  throat  inserts  and  the  2-B  configuration  ring  was  employed  for 
the  all  ablative  chamber  testing.  A  summary  of  the  Task  3  test  result'  is 
presented  in  Table  9.  Tha  facility  valving  configuration  was  the  same  as 
that  used  during  Task  2  (see  Figure  52). 

(U)  Tne  JTA  insert  chamber  (unit  1)  was  tested  for  90  seconds  followed  by 
a  5  second  restart  using  the  2-G  oxidizer  orifice  ring.  Post- test  evalu¬ 
ation  of  unif  1  revealed  cracking  of  the  insert  (Figure  69).  The  instru¬ 
mentation  movies  of  the  test  revealed  the  loss  of  small  particles  early  in 
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the  long  duration  burn.  The  square  erosion  pattern  evident  in  Figure  69 
could  not  be  correlated  with  any  injector  flow  pattern  (the  injector  fuel 
inlet  orientation  is  noted  on  Figure  69)  and  could  not  be  explained.  The 
average  decay  rate  after  the  initial  10  seconds  of  operation  was  0.5  psi/ 
second.  Post-test  throat  measurements  were  not  made. 


(U)  Unit  2  (the  all  ablative  chamber)  was  tested  for  90  seconds  on,  25 
second  soak,  followed  by  five  restart  pulses  of  3  seconds  on,  and  8  seconds 
off  using  the  2-B  oxidizer  orifice  ring.  The  results  of  this  test  were 
highly  encouraging  as  the  post-test  throat  area  was  slightly  less  than  the 
pre-test  throat  area.  A  post-firing  view  of  the  throat  as  viewed  from  the 
nozzle  exit  is  presented  in  Figure  70.  A  very  slight  streak  approximately 
180°  from  the  injector  fuel  inlet  is  evident  in  Figure  70.  However,  the 
operating  chamber  pressure  and  the  post-test  throat  diameter  measurements 
both  indicated  a  net  shrinkage  of  the  throat. 

(U)  The  reinforced  zirconia  insert  chamber  configuration  using  the  2-G 
orifice  ring  was  also  tested  for  90  seconds  on,  25  second  soak,  followed 
by  five  restart  pulses  of  3  seconds  on  and  8  seconds  off.  Ejection  of 
particles  from  the  insert  was  visually  observed  almost  immediately  after 
ignition.  A  rapid  decay  in  chamber  pressure  began  at  approximately  6  seconds 
elapsed  time,  and  within  35  seconds  elapsed  time  the  chamber  pressure  dropped 
95  psi.  As  the  chamber  pressure  stabilized  somewhat  with  only  a  10  psi  de¬ 
crease  between  35  seconds  and  60  seconds  elapsed  time,  the  pre-set  duty 
cycle  was  allowed  to  run  to  completion.  A  post-firing  view  of  the  throat 
legion  is  presented  as  Figure  71. 

(U)  A  post-firing  evaluation  of  the  zirconia  insert  material  was  conducted 
to  determine  the  failure  mechanism.  (The  location  of  the  sample  is  identified 
by  an  arrow  in  Figure  71.)  The  previous  zirconia  test  history  at  NASA-LeRC, 
with  both  smaller  and  larger  throat  diameter  inserts,  at  a  nominal  100  psia 
chamber  pressure  and  significantly  higher  gas  recovery  temperatures  was  ex¬ 
cellent  and  the  failure  on  this  program  was  unexpected.  Both  metal lographic 
and  electron  probe  analyses  of  the  insert  material  were  conducted  to  compare 
the  zirconia  of  this  program  with  those  previously  tested  at  NASA-LeRC.  Un¬ 
fortunately,  the  real-time  decision  to  allow  the  test  to  continue  until  the 
completion  of  the  pre-set  duty  cycle  obscured  the  cause  of  the  insert  failure 
by  allowing  the  residual  ragged  edges  of  the  insert  to  see  the  full  stagna¬ 
tion  conditions.  The  laboratory  evaluation  results  indicated  only  that  the 
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Figure  70.  All  Ablative  Chambe 
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Figure  71.  Zirconia  Insert  Chamber  Post-Test  (U) 
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(U)  specimen  analyzed  had  been  exposed  to  temperatures  approaching  st^v-iafion 
conditions.  Therefore,  it  must  be  concluded  that  the  substantial  dif¬ 
ference  in  hot  firing  performance  of  reinforced  zirconia  resulted  from  the 
300  psia  chamber  pressure  of  this  program. 

(U)  The  results  of  the  Task  3  chamber  testing  demonstrated  that  a  perfor¬ 
mance/  chamber  durability  match  of  the  2-B  injector  configuration  and  an 
all  ablative  thrust  chamber  configuration  is  achievable  and  veri¬ 
fied  the  Task  1  chamber  wall  environment  prediction.  A  comparable  perfor¬ 
mance/chamber  durability  match  with  the  2-G  injector  configuration  will 
require  additional  injector  tuning  and  thrust  chamber  material  evaluation. 

The  overall  results  were  highly  encouraging  due  to  the  demonstrated  state- 
of-the-art  capability  improvements  in  chamber  operating  lifetime  at  300  psia 
chamber  pressure  in  5,000  Ib^.  thrust  size  hardware  and  at  high  combustion 
performance  levels. 
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6.  INJECTOR  RELIABILITY  AND  MAINTAINABILITY 

•  «  «  % 

Previous  sections  of  this  report  have  discussed  the  program  achieve¬ 
ments  in  relation  to  the  performance,  mixture  ratio  variability,  dynamic 
stability,  and  injector-chamber  compatibility  goals.  The  potential  utiliza 
tion  of  this  injector  concept  in  an  advanced  weapons  system  application 
additionally  requires  that  the  reliability  and  maintainability  inherent  in 
the  design  approach  be  demonstrated  as  early  as  possible  in  the  development 
cycle.  This  section  presents  an  evaluation  of  the  program  accomplishments 
in  relation  to  the  reliability  (operability  and  durability)  of  the  injector 
hardware  and  associated  maintainability  history. 

1^)  Tne  formal  demonstration  of  sp.cific  reliability  levels  and  maintain¬ 
ability  characteristics  was  not  a  goal  of  the  N904/N2H4  injector  develop¬ 
ment  program.  However,  attainment  of  the  required  program  goals  did  entail 
a  large  number  of  engine  firings  on  slightly  varying  engine  configurations 
and  accumulated  long  operating  duration  experience  for  an  exploratory- 
development  program.  The  successful  completion  of  a  large  number  of  en¬ 
gine  starts  on  very  similar  configurations  does  indicate  what  reliability 
levels  could  be  expected  from  a  production  program  where  field  utiliza¬ 
tion  missions  require  a  large  number  of  starts. 


(U)  The  overall  program  test  history  was  as  follows: 


Number  of  Starts  Cumulative 

(Tests)  Duration 


Heat  Sink  Thrust  Chamber 

143 

450  seconds 

Hardware  (Tasks  1  and  3) 

Ablative  Thrust  Chambers 

21 

480  seconds 

(Tasks  2  and  3) 

Company-Sponsored  Tests 

16 

120  seconds 

Subsequent  to  Task  3 

180 

1030  seconds 
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(U)  All  injector  configurations  except  Configuration  3  (the  swirl  concept) 
were  considered  similar  enough  to  be  representative  of  the  selected  config¬ 
uration  for  the  purposes  of  reliability  evaluation.  Two  (2)  malfunctions 
occurred  during  the  175  applicable  test  starts  which  were  chargeable  to  the 
injector.  Two  (2)  chargeable  failures  in  175  engine  starts  de  trates  a 
start  probability  >  .984  at  a  50%  confidence  level  based  on  bii. >;.i?.nal  sam¬ 
pling  techniques.  Inclusion  of  the  two  chargeable  engine  failures  probably 
presents  too  conservative  an  estimate  of  reliability  levels  to  be  expected 
from  a  production  program  since  they  are  attributable  to  the  bolt-up  pintle 
configuration.  One-piece  construction  would  be  utilized  in  a  production 
program  thereby  eliminating  this  particular  failure  mode  and  enhancing 
maintainability  procedures  by  emphasizing  simplicity,  and  ease  of  part 
installation,  inspection,  and  removal.  By  the  elimination  of  these  failure 
modes  an  engine  start  probability  >  .996  at  a  50%  confidence  level  could  be 
expected  in  a  development  program.  The  test  experience  acquired  during  the 
Task  3  and  company-sponsored  firings  accumulated  over  460  seconds  of  injec¬ 
tor  operation  in  44  starts  (20  of  which  were  restarts)  without  injector 
discrepancies  of  any  nature  is  an  excellent  demonstration  of  injector 
durability,  operability,  and  restartability. 


(U)  It  is  also  equally  significant  that  no  acoustic  combustion  instabili¬ 
ties,  either  self-triggered  or  induced,  were  encountered  during  this  program. 
(The  coaxial  injector  concept  has  never  experienced  acoustic  combustion  in¬ 
stability  with  any  propellant  combination  at  any  hardware  size.) 


(U)  The  injector  developed  under  this  program  was  specifically  designed 
for  flexibility  and  ease  of  maintenance  which  permitted  complete  dis¬ 
assembly  and  re-assembly  in  a  manner  of  minutes.  However,  once  a  specific 
oxidizer  orifice  element  is  selected,  the  injector  is  singularly  free  of 
service  requirements  and  remains  in  a  ready  state.  The  injector  was  routinely 
purged,  flushed,  and  re-purged  at  the  conclusion  of  each  test  series  and 
stored  in  a  non-controlled  environment  until  required  for  the  next  test 
series.  The  longest  period  of  storage  was  six  (6)  months.  The  storage  life 
of  the  existing  hardware  is  limited  only  by  the  life  of  the  0-ring .seals. 

The  storage  life  of  an  all-welded  injector  design  would  be  virtually 
unlimited. 


UNCLASSIFIED 


UNCLASSIFIED 


AFRPL-TR-69-231 
Page  149 


7.  CONCLUSIONS 


(U)  The  major  conclusions  drawn  from  the  N^O^/N^H^  Injector  Development 
and  Demonstration  Program  are  as  follows: 

1.  The  program  met  or  exceeded  all  contract  goals  for  performance, 
mixture  ratio  variability,  dynamic  stability,  and  injector/ 
chamber  compatibility. 

2.  Multiple  hot  restarts  with  the  hydrazine  fuel  were  successfully 
demonstrated. 

3.  Injector  steady  state/restart  durability  was  conclusively 
demonstrated 

4.  The  injector  design  conditions  controlling  the  thrust  chamber 
wall  environment  were  defined  and  verified  by  long-duration 
ablative  chamber  tests. 

5.  The  overall  versatility  of  the  single-element  coaxial  in¬ 
jector  as  an  engine  development  tool  was  confirmed. 
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APPENDIX  A 

CALCULATION  OF  ENGINE  PERFORMANCE 


(U)  The  index  of  engine  perfromance  for  the  experimental  program 
will  be  the  corrected  characteristic  velocity  (O)  or  characteristic 
velocity  efficiency  (V q^.)  f°r  sea  level  tests  and  the  corrected  specific 
impulse  (1^)  for  the  altitude  tests.  The  C*  is  calculated  by  two  indepen¬ 
dent  methods,  one  based  on  the  measurement  of  chamber  pressure  and 

the  other  on  the  measurement  of  thrust.  The  I  is  calculated  from  the 

sp 

measurement  of  thrust  and  propellant  flow  rates.  Details  of  the  compu¬ 
tational  procedures  and  of  the  applied  corrections  are  given  in  the  follow¬ 
ing  sections. 


1.  CHARACTERISTIC  VELOCITY-CHAMBER 
PRESSURE  TECHNIQUE 


(U)  Characteristic  velocity  based  on  chamber  pressure  is  defined  by 
the  following: 


where 


( p  ) 
c  o 


'lc*  " 


(Pc>o  (At*eff  gc 
<*T>  ‘C*>  theo 


stagnation  pressure  at  the  throat 
effective  thermodynamic  throat  area 
conversion  factor  (32.174  lbm-ft/ lbf-sec2) 
total  propellant  weight  flow  rate 


^C*\:heo  =  theorefcical  characteristic  velocity  based  on 
shifting  equilibrium 


C  A—  1 ) 


Values  calculated  from  Equation  (A-l)  are  referred  to  as  "corrected"  C* 
efficiencies,  because  the  factors  involved  are  obtained  by  application  of 
suitable  influence  factor  corrections  to  measured  parameters.  Stagnation 
pressure  at  the  throat  is  obtained  from  measured  static  pressure  at  start 
of  nozzle  convergence  by  assumption  of  isentropic  expansion,  effective 
throat  area  is  estimated  from  measured  geometric  area  by  allowing  for 
geometrical  radius  changes  during  firing  and  for  nonunity  discharge 
coefficient,  and  chamber  pressure  is  corrected  to  allow  for  energy  losses 
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(I'l  iron'  combustion  gases  to  the  chamber  v.all  by  heat  trar.sjer  and  irictior. 
Equation  (A-l)  may  therefore  be  written  as  follows: 


*c« 


Pc  At  gc  fp  fTR  fDIS  fFR  fHL  fKE 


{«/  \v,)  (C*)., 

o  f  theo 


f\-l) 


where 


P 

c 


=  measured  static  pressure  at  start  of  nozzle 
convergence,  psia 

=  measured  geometric  throat  area,  in 
=  conversion  factor  (32.  174  lbm-ft/ lbf-sec  ) 
=  oxidizer  weight  flow  rate,  lb/sec 
=  fuel  weight  flow  rate,  lb/sec 


(C*) 


theo 


theoretical  C*  based  on  shifting  equilibrium 
calculations,  ft/sec 


fDlS 


FR 


influence  factor  correcting  observed  static 
pressure  to  throat  stagnation  pressure 

influence  factor  correcting  for  change  in  throat 
radius  during  firing 

influence  factor  correcting  throat  area  for 
effective  discharge  coefficient 

influence  factor  correcting  measured  chamber  pres¬ 
sure  for  frictional  drag  of  combustion  gases  at 
chamber  wall 


fpi  =  influence  factor  correcting  measured  chamber  pres¬ 

sure  for  heat  losses  from  combustion  gases  to 
chamber  wall 


f 


KE 


influence  factor  correcting  C*  values  to  account 
for  finite  chemical  reaction  rates 


Methods  of  estimation  of  the  various  correction  factors  are  described  in 
the  following  paragraphs. 

1.  1  Pressure  Influence  Factor  (f^) 

(U)  Measured  static  pressure  at  start  of  nozzle  convergence  is  con¬ 
verted  to  stagnation  pressure  at  the  throat  by  assumption  of  effectively  no 
combustion  in  the  nozzle  and  application  of  the  isentropic  flow  equations, 
with  contraction  ratio  (Ac/At)  and  shifting-equilibrium  specific  heat 
ratios  (Y).  Frozen-equilibrium  specific  heat  ratios  usually  make  the 
influence  correction  factor  about  1/2  percent  larger.  Hence,  the  value 
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(I'l  employed  with  shifting  equilibrium 
is  the  more  conservative.  Fig¬ 
ure  A-l  shows  the  influence  factor 
as  a  function  of  contraction  ratio. 

1.2  Throat  Radius  Influence 
Factor  (fTR) 

(l1)  Temperature  gradients  pro¬ 
duced  at  the  solid  metal  nozzle  wall 
result  in  thermal  stresses  which 
affect  throat  radius,  with  the  result 
that  the  geometric  throat  diameter 
ambient  measurement  is  not  the 
same  as  that  which  exists  during 
firing. 

(U)  For  certain  types  of  nozzles  thermal  penetration  of  the  nozzle  wall 
at  the  initiation  of  firing  is  small  with  respect  to  the  wall  thickness, 
her.ce  the  outer  wall  diameter  is  unchanged.  The  inner  wall  material  will 
therefore  expand  toward  the  center,  resulting  in  a  decrease  in  throat 
diameter.  As  heat  penetrates  throughout  the  nozzle  wall,  the  outer  diam¬ 
eter  will  also  increase,  allowing  outward  expansion  of  the  inner  portion 
and  consequent  increase  in  throat  diameter.  Therefore,  throat  diameter 
during  firing  is  a  function  of  time,  as  well  as  of  the  physical  properties  of 
the  throat  material  and  the  temperature  and  pressure  of  the  combustion 
gases. 

(U)  The  actual  computation  is  based  upon  integration  of  transient 
thermal  stress  equations  for  a  hollow  cylinder.  A  relatively  simple  expres¬ 
sion  results  by  assuming  parabolic  temperature  distribution. 

1.2.1  Thermal  Effects 

(b)  Since  performance  is  influenced  also  by  throat  area  changes, 
attention  should  be  directed  primarily  to  this  zone  of  the  thruster.  With 
monoma’cerial  construction,  the  throat  effects  can  be  analyzed  with  rea¬ 
sonable  accuracy.  It  can  be  shown  that  throat  shinkage  and  expansion 


tiictt  t*»K/ 


Figure  A-l  Momentum  Correction 


UNCLASSIFIED 


AFRPL-TR-69-231 
Page  154 


UNCLASSIFIED 


(U)  effects  for  such  nozzles  can  be  estimated  from  the  following  for 
parabolic  temperature  distributions: 


1  +  V 

t.  -  r 

1  o 

R  2R.  >  ?  R:3 

°  1  2  p  p  L  l 

R  4 
o 

1  -  V 

<Ro  -  Ri>2 

?  "3  o  i  +  4 

"  TTK. 

1 

where 


(A-3) 


R.  =  inner  wall  radius 
1 

R.  =  outer  wall  radius 
o 

a  =  coefficient  of  linear  expansion  of  wall  material 
e  =  Poisson's  ratio  of  wall  material 
T.  =  Temperature  of  inner  wall 

Tq  =  Temperature  of  outer  wall 

The  temperature  distribution  is  given  by 


T  =  a 


br  +  cr 


2 


(A-4) 


and  is  estimated  by  the  method  of  Reference  D-l.  The  th:  oat  shrinkage 
effects  manifest  themselves  at  the  initiation  of  firing.  For  long  steady- 
state  firings,  the  throat  size  may  actually  increase,  depending  upon  the 
temperature  distribution  and  resultant  stresses.  Plastic  as  well  as  elas¬ 
tic  deformations  are  readily  included,  as  well  as  gas  pressure  effects. 

(d)  For  chambers  employing  thin  wall  throats  the  thermal  growth  is 
more  easily  obtained  from  the  thermal  expansion  based  on  the  temperature 
change  from  ambient  temperature.  The  change  in  throat  area  can  be 
written  as : 

Afch  =  f  (2  +  oAT)  (a AT)  D2 

where 

A  A*  =  change  in  throat  area  due  to  thermal  growth 
a  =  average  thermal  expansion  coefficient 
AT  =  temperature  rise  from  ambient  conditions 
D  =  throat  diameter  at  ambient  conditions 
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(U)  The  discharge  influence  coefficient  may  be  estimated  in  two  ways:  one 

based  on  calculations  made  from  a  theoretical,  inviscid  flow  model  of 
combustion  products,  and  the  other  based  on  a  correlation  of  results 
obtained  in  various  experimental  study  results  of  air  flow  through  nozzles 
of  similar  geometry. 

1.3.1  Theoretical  Model 

(U)  Total  mass  flow  rate  is  given  by 


n 

•  / 


pV  dA 


(A-8) 


where 

p  =  gas  density 

V  =  gas  velocity 

A  =  cross-sectional  area 

Theoretical  maximum  flow  rate  at  the  throat  is 


f  p*  V*  dA 

A 


(A  -9) 


where 


Afc  =  geometric  area  of  the  throat 

P*  =  sonic  gas  density 
V*  =  sonic  gas  velocity 

For  ideal,  uniform,  parallel  flow,  Equation  (A-8)  becomes 

m  =  p#  V*  A, 
max  1  t 

The  discharge  coefficient  is  then 


(A-10) 


[  mm 


(A- 11) 


1.3.2  Empirical  Value 


(U)  Experimental  conical  nozzle  discharge  coefficients  obtained  with  air 
by  various  investigators  are  plotted  in  Figure  A-3  against  the  indicated 
geometric  parameter.  Data  sources  also  are  listed  in  Figure  A-3. 
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Figure  A-3.  Conical  Nozzle 
Discharge  Coefficient 


(1!)  The  values  obtained  by 
both  methods  are  found  to  be  in 
excellent  agreement. 

1 . 4  FRIC  TIONAL  DRAG 
INFLUENCE  FACTOR 

(fFR* _ 

(U)  Calculations  of  C*  based 
on  chamber  pressure  are  con¬ 
cerned  with  chamber  phenom¬ 
ena  up  to  the  nozzle  throat. 
Drag  forces  to  this  point  are 
small  enough  to  be  considered 
negligible,  so  that  the  factor 
fpR  may  be  taken  to  be  unity. 


1.5  Energy  Loss  Influence  Factor  (f^^) 

(D)  Chamber  pressure  and  thrust  are  decreased  by  heat  transfer  from 
the  combustion  gases  to  the  walls  of  a  thrust  chamber.  This  enthalpy  loss 
is  substantially  reduced  in  ablative  chambers  and  is  effectively  recovered 
in  a  regeneratively  cooled  chamber. 


(U)  The  effect  on  C*  of  enthalpy  loss  by  heat  transfer  can  be  estimated 
from  a  loss  of  chamber  enthalpy.  This  is  determined  from  a  two  station 
energy  balance,  one  at  the  start  of  nozzle  convergence  and  the  other  at  the 
throat  which 


1/2  V  2  +  H  =  1/2  V.2  +  H,  +  Q 

c  c  t  t  conv 

where 

V 

c 

=  gas  velocity  at  chamber  exit 

Vt 

=  gas  velocity  at  nozzle  throat 

H 

c 

=  gas  enthalpy  at  chamber  exit 

Ht 

=  gas  enthalpy  at  nozzle  throat 

Q 

conv 

=  heat  los s  in  nozzle  convergence 

(A- 12) 


Velocity  at  the  throat  is  given  by: 

2 


=  [V  +  2(H  -  H  -  6  )  ] 

t  *■  c  c  t  conv  J 


1/2 


(A— 13) 
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With  negligible  nozzle  inlet  velocity 

r  -  -,1/2 

V  -  [2(H  -  H  -  Q  )]  '" 

t  *-  c  t  conv  J 

Logarithmic  differentiation  of  Equation  ( \-14j  gives 


d  (H 


1/2 


H  -  O  ) 
_ l _ conv 


(H  -  H  -  Q  ) 

c  t  conv 


-  1/2 


VHc- 


d  H  -  dH  \ 

_ c _ Ill _ I 

-Q  JfA-iSy 

conv  / 


H. 


Substitution  of  enthalpy  definition  into  Equation  D-15  gives: 


1/2 


(c  dT  -  c  dT 
pc  c  pt  t 

H  -  H  -  Q 
c  t  conv  i 


With  constant  C  between  the  two  stations, 
P 


V 

t 


1/2 


(c  dT 

p  c 
H  -  H  -  0 

c  t  conv 


If  the  specific  heat  ratio,  V,  is  assumed  constant. 


(A-2£, 


(A- IS) 


Substituting  Equation  (A- IS)  into  Equation  (A- 17),  replacing  differentials 
by  inc rementals,  and  noting  that  C*  is  proportional  to  gas  velocity  at  the 
throat  gives: 


AV  ^  /  c  AT  \ 

_ t  _  AO  _  1/?  /  pel 

V.  “  C*  "  '  \H  -  H  -  0  / 

t  Vet  conv/ 


(A- 19) 


Total  heat  loss  to  the  chamber  walls,  in  Btu  per  pound  of  propellant,  is 
obtained  by  summation  of  observed  heat  fluxes  over  the  appropriate  areas 


Heat  loss 


Z(q/A)  A 


w 


T 


(A-2C) 


where 


q/A  =  experimentally  observed  heat  flux 
A  =  area  applicable  to  each  q/A  value 
w.p  =  total  propellant  flow  rate 
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If  this  heat  loss  is  equated  to  the  change  in  enthalpy  of  the  gas  in  the 

combustion  chamber,  c  AT  ,  then  substitution  in  Eauation  (A-!9)  gives: 

pc  * 


f  1 

Z(q/A)A 

L  J 

1  -  (Tt/ Tc) 


H  -  H  -  Q 
c  t  conv 


(A-21J 


The  applicable  influence  factor  is 


f  =  1  -  —  -1-1/2 
HL  C-  *' 


E(q/A)A 

1  -  (Tt/Tc) 

*T  J 

H  -  H  -  Q 

c  t  conv 

fA-22) 


An  alternate  expression  can  be  obtained  from  the  basic  O 
definition: 


C*  = 


(A-25j 


I-ogarithmic  differentiation  of  this  yields: 


dcf  i" c 

c-  "  2  T 


(A-24) 


Substituting  incremenials  from  differentials  in  Equation  (A-24)  gives: 

Ac  I  _ c  , 

c*  ~  2  T  (A-2d) 

c 

Equating  ATc  with  the  heat  loss  from  Equation  (A-20)  results  in  the 
following: 


■A- 

Ac  1 

Z(q/A)A 

1 

0=5=  '  2 

%  j 

c  T 

L  p  c. 

The  anolicable  influence  factor  is: 


f  =  1  -  — 
HL  ‘  2 


~S(q/A)Al  [~  1 

w  c  r 

t  j  l  p  c 


where 


(A-26) 


(A- 27) 


0^  =  specific  heat  at  constant  pressure 
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(U)  Although  derived  independently  it  can  be  shown  that  these  two 
expressions.  Equations  (A-22)  and  (A-27)  ,  are  nearly  equivalent. 

1.6  Influence  Factor  for  Chemical  Kinetics  (f^p) 

The  effect  of  finite  chemical  reaction  rates  is  to  produce  a  C*  less 
than  the  corresponding  theoretical  equilibrium  values.  A  TRW  Systems 
developed  one-dimension  nonequili*brium  reacting  gas  computer  program 
is  employed  with  reaction  rate  constants  selected  for  the  propellant  sys¬ 
tem.  The  fluid  mechanical  and  chemical  equations  are  integrated  from 
the  inlet  section  by  an  implicity  technique. 

2.  CHARACTERISTIC  VELOCITY -THRUST  TECHNIQUE 

(U)  The  alternate  determination  of  C*  efficiency  is  based  on  thrust: 


'C*  = 


F  g 

_ vac  toc _ 

(Cv)  w_  C*  , 

F  vac  T  theo 


(A- 28) 


where 

F  =  measured  thrust  corrected  to  vacuum  conditions 

vac  by  the  equation:  F  =  F  +  P  A 

1  vac  a  e 

F  =  measured  thrust,  lbf 

P  =  ambient  pressure,  psia 

a  2 
A  =  area  of  nozzle  exit,  in 

e  2 
gc  =  conversion  factor  (32.  174  lbm-ft/lbf-sec  ) 

(Cp)vac  =  theoretical  shifting  thrust  coefficient  (vacuum) 

w.j,  =  total  propellant  flow  rate,  lbm/sec 

c*  ,  =  theoretical  shifting-equilibrium  characteristic 

eo  velocity,  ft/sec 

Values  of  vacuum  thrust  are  obtained  by  applying  corrections  to  sea -level 
measurements.  With  these  values,  which  include  allowances  for  all 
important  departures  from  ideality,  theoretical  thrust  coefficients  may  be 
used  for  calculation  of  C*.  Cp  efficiency  is  taken  as  100  percent  if  there 
is  no  combustion  in  the  nozzle,  if  chemical  equilibrium  is  maintained  in 
the  nozzle  expansion  process,  and  if  energy  losses  from  the  combustion 
gases  are  accounted  for. 
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(U)  Applicable  influence  factors  for  measured  thrust  are  specified  in 
the  following  equation: 


'C* 


(F  +  Pa  Ae)  gc  4>fr  4>div  4>hl  4>ke 
^F^theo  (Wo  +  Wf>  <C*>theo 


(A-29) 


where 


F 

P 


(CfWo 


measured  thrust,  lbf 
ambient  pressure,  psia 
area  of  nozzle  exit,  in2 

2 

conversion  factor  (32.  174  lbm-ft/lbf-sec  ) 

theoretical  shifting  thrust  coefficient 
(vacuum) 


W 

o 


(C*) 


theo 


4>FR 

^DIV 

*HL 

^KE 


oxidizer  flow  rate,  lbm/sec 
fuel  flow  rate,  lbm/sec 

theoretical  shifting  equilibrium  characteristic 
velocity,  ft/sec 

influence  for  frictional  losses 

influence  factor  for  nozzle  divergence 

influence  factor  for  heat  losses  to  chamber  and 
nozzle  walls 

influence  factor  correcting  C*  and  Cp  values  to 
account  for  finite  chemical  reaction  rates 


The  influence  factors  in  Equation  (A-29)  are  applied  to  vacuum  thrust 
(F  +  P  A  )  instead  of  to  measured  site  thrust  (F)  because,  for  conven- 

3.  6 

ience,  the  factors  are  readily  calculated  as  changes  in  efficiency  based  on 
theoretical  vacuum  parameters.  The  total  influence  factor  is  then  of  the 
form  AF/F 

vac 

(d)  Implicit  in  the  use  of  theoretical  Cp  values  are  corrections  to  geo¬ 
metric  throat  area  and  to  measured  static  chamber  pressure  at  start  of 
nozzle  convergence.  Therefore,  calculation  of  corrected  C*  efficienty 
from  thrust  measurement  includes  all  the  previously  described  correc¬ 
tions  plus  an  additional  one  to  account  for  nonparallel  nozzle  exit  flow. 
However,  because  (Cp)^  is  essentially  independent  of  small  changes  to 
chamber  pressure  and  contraction  ratio  which  are  involved  in  corrections 
to  Pc  and  At>  these  corrections  are  of  no  practical  significance  in  calcu¬ 
lation  of  C*  from  thrust  measurements. 
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2.  I  Influence  Factor  for  Fricational  Drag  (4>p^) 

(U)  This  factor  corrects  for  energy  losses  caused  by  viscous  drag  forces 
on  the  thrust  chamber  walls.  Its  magnitude  i-s  estimated  by  a  boundary 
layer  analysis  utilizing  the  integral  momentum  equatiorf  for  turbulent  flow, 
which  accounts  for  boundary  layer  effects  from  the  injector  to  the  nozzle 
exit  by  suitable  description  of  the  boundary  layer  profile  and  local  skin 
friction  coefficient.  A  computer  program  is  used  to  carry  out  a  numerical 
integration  of  the  equation,  including  effects  of  pressure  gradient,  heat 
transfer,  and  surface  roughness.  The  program  requires  a  potential  noz¬ 
zle  flow  solution  obtained  from  variable-property,  axisymmetric  method 
of  characteristics  calculation  of  the  flow  field  outside  the  boundary  layer; 
corresponding  properties  for  the  subsonic  combustion  chamber  flow  field 
are  also  calculated. 


2.2  Influence  Factor  for  Nozzle  Divergence  (^Qjy) 

(U)  The  one -dimensional  theoretical  performance  calculations  assume 
that  flow  at  the  nozzle  exit  is  uniform  and  parallel  to  the  nozzle  axis.  The 
influence  factor,  allows  for  nozzle  divergence  (i.  e.  ,  for  nonaxial 

flow)  and  for  nonuniformity  across  the  nozzle  exit  plane.  It  is  calculated 
by  a  computer  program  which  utiUzes  the  axisymmetric  method  of 
characteristics  for  a  variable-property  gas.  Computation  begins  with  a 
transonic  input  near  Mach  1,  providing  a  characteristic  line  for  use  in  the 
analysis  of  the  supersonic  portion  of  the  nozzle.  The  resulting  pressures 
are  integrated  over  the  given  geometry  to  give  the  geometric  efficiency. 


2.  3 


Influence  Factor  for  Heat  Loss  (4^^) 


(U)  To  obtain  the  heat  loss  influence  factor  from  measured  thrust  the 
approach  is  identical  to  that  taken  previously  from  the  pressure  measure¬ 
ment,  except  that  the  nozzle  losses  must  also  be  included.  With  constant 
specific  heat  and  gamma  from  start  of  nozzle  convergence  to  exit, 
Equation  (D-22)  becomes 


f  1  -  T  /T 
_ e  c _ 

Hc  ^e  ^nozzle 


(A- 30) 
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( U)  when  "e"  corresponds  to  the  exit  condition,  and  the  summation  occurs 

over  the  entire  combustion. 

An  alternate  can  also  be  derived  as  in  Equation  (D-27).  This  equation 
becomes 


^HL  “ 


L'(q/A)A‘ 

1 

w„ 

c  T 

T 

L  P  ej 

(A-31) 


2.4  Influence  Factor  for  Chemical  Kinetcs  (4>^£) 

('J)  The  effect  of  finite  chemical  reaction  rates  is  to  produce  a  C*  and 
C„  less  than  the  corresponding  theoretical  equilibrium  values.  A  TRW 
Systems  developed  one-dimensional  nonequilibrium  reacting  gas  computer 
program  is  employed  with  reaction  rate  constants  selected  for  the  pro¬ 
pellant  system.  The  fluid  mechanical  and  chemical  equations  are  inte¬ 
grated  from  the  inlet  section  by  an  implicit  technique. 


3.  DELIVERED  SPECIFIC  IMPULSE  AND  THRUST  COEFFICIENT 


(U)  Specific  impulse  is  defined  by  the  following: 


where 


I  (vac) 
sp 


F 

vac 


(A-32) 


F 

vac 


F 

meas 


measured  thrust  corrected  to  vacuum  conditions 

by  the  equation:  F  =  F  +  P  A 
1  ^  vac  meas  a  e 

measured  thrust,  lbf 

total  propellant  flowrate,  lbm/sec 


P&  =  ambient  pressure,  psia 

2 

=  area  of  nozzle  exit,  in 
e 

(U)  The  thrust  coefficient  is  a  measure  of  the  nozzle  performance  and 
is  given  by 


/-  i  \  vac 

°F(vac)  =  P “X 


I  (vac) 
-  3P 
C* 


(A-33) 
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APPENDIX  B 

JTA  THERMAL  STRESS  SPECIMENS  TEST  LOG 

(U)  The  following  paragraphs  describe  the  individual  test  conditions  of 
the  three  laboratory  thermal  stress  specimens. 

Sample  A 

(U)  This  sample  was  given  six  runs  ranging  in  peak  power  input  from  18 
to  67.3  KW.  The  first  three  runs  were  all  fairly  long  in  duration  compared 
to  the  last  three.  After  the  third  run,  the  melted  area  at  the  I.D.  pre¬ 
cluded  further  testing,  so  the  I.D.  was  removed  by  machining  and  recoated 
with  Ta  prior  to  the  other  three  runs.  Details  of  the  six  runs  are  given 
below. 

Run  1 

The  sample  was  run  for  14.5  seconds  with  a  peak  power  of  18  KW.  At 
power  shutdown,  the  inside  thermocouple  was  reading  3410°F  while 
the  outside  was  2930°F.  No  fracture  of  the  sample  was  observed, 
either  visually  or  by  studying  the  circumferential  extensometer  trace. 

Run  2 

Because  of  arcing,  the  initial  heat-up  of  the  sample  was  slower 
than  in  Run  1  even  though  the  peak  power  was  23  KW.  The  test 
duration  was  43.5  seconds  at  which  time  the  center  thermocouple 
was  at  3350° F  and  the  outer  thermocouple  at  3150° F;  the  inside 
thermocouple  shorted  during  the  test  run.  No  fracture  was 
observed. 


Run  3 

The  test  time  for  this  run  was  19.6  seconds  with  a  peak  power 
of  27.5  KW.  The  inside  thermocouple  again  shorted,  this  time 
at  10.3  seconds  into  the  run  when  the  temperature  was  3220°F. 

At  power  shutdown,  the  center  thermocouple  was  at  3230°F  and 
the  outside  thermocouple  at  3040° F.  After  this  run,  the  sample 
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was  removed  from  the  test  chamber  and  examined.  No  evidence 
of  fracture  was  noted.  Previously  molten  material  as  discussed 
above  was  observed  on  the  I.D.  of  the  sample. 

After  post-test  examination,  the  TaC  layer  was  removed  by  machin¬ 
ing,  the  sample  was  re-coated  and  testing  continued. 

Run  4 

In  an  attempt  to  initiate  fracture  in  this  sample,  the  power 
supply  was  pre-set  to  shut  down  when  the  maximum  temperature 
gradient  existed.  From  previous  tests,  this  time  was  deter¬ 
mined  to  be  1.6  seconds.  The  re-coated  sample  ran  better  than 
had  been  expected  so  that  at  1.6  seconds,  the  AT  had  already 
reached  a  maximum  and  was  decreasing.  Peak  power  was  62.2  KW. 

Melting  was  observed  at  0.7  seconds  when  the  I.D.  thermocouple 
was  reading  1880°F.  At  power  shutdown,  the  I.D.  thermocouple 
reading  was  2240°F,  the  middle  was  1260°F  and  the  O.D.  was  910°F. 
Visual  observation  of  the  cooled  sample  from  outside  the  test 
chamber  revealed  no  cracking. 

Run  5 

The  same  time  was  used  for  this  run  as  the  previous  run,  1.6 
seconds,  with  a  peak  power  of  67.3  KW.  Melting  began  at  0.4 
seconds  when  the  I.D.  thermocouple  reading  was  1260°F. 

At  power  shutdown,  the  I.D.  thermocouple  reading  was  2110°F, 
the  center  was  1220°F  and  the  O.D.  was  890°F.  No  disconti¬ 
nuities  were  found  in  the  extensometer  trace,  although  visual 
observation  of  the  sample  indicated  that  perhaps  a  crack 
existed.  Based  on  the  extensometer  data,  it  was  decided  to 
give  the  sample  at  least  one  more  run  before  opening  the  test 
chamber. 
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Run  6 

The  sample  was  run  for  1.09  seconds  with  a  peak  power  of  65.2  KW. 
Melting  was  observed  at  0.5  seconds  when  the  I.D.  thermocouple  was 
1550°F.  At  power  shutdown,  the  I.D.  thermocouple  reading  was  2000°F, 
the  center  was  970°F,  and  the  O.D.  was  630°F. 

Again  the  extensometer  showed  no  discontinuities  indicative  of 
cracking  but  it  was  decided  to  op^n  the  test  chamber  for  a  close 
visual  observation.  Two  very  fine  cracks  were  found  extending 
from  the  I.D.  to  a  depth  of  about  0.1  inch.  One  of  the  cracks  was 
in  the  position  identified  after  Run  5  as  a  possible  crack  site. 

It  is  therefore  highly  likely  that  at  least  one  of  the  cracks  was 
present  prior  to  the  last  run. 

Sample  B 

(U)  The  five  runs  on  this  sample  ranged  in  peak  power  from  32  KW  to  60  KW. 
As  in  the  previous  test  sample,  melting  occurred  which  lowered  the  input 
power  at  the  onset  of  melting.  A  single  crack  was  observed  after  the  fifth 
run.  The  details  of  each  of  the  five  runs  are  given  below. 

Run  1 

The  first  run  was  the  longest  in  duration  on  this  sample,  16.5 
seconds,  with  a  peak  power  level  of  32  KW.  Heat-up  was  relatively 
slow.  At  3.5  seconds,  instability  in  the  power  trace  indicative 
of  melting  was  observed.  At  that  time,  the  inside  thermocouple 
was  2690° F.  The  inside  thermocouple  shorted  out  before  the  com¬ 
pletion  of  the  run.  At  power  shutdown,  the  center  thermocouple 
was  at  3120°F  while  the  O.D.  thermocouple  was  3090°F. 

Run  2 

The  initial  heat-up  on  this  run  was  quite  good  with  a  peak  power 
of  40  KW.  The  test  was  terminated  at  3.0  seconds  due  to  melting 
and  the  resultant  power  supply  instability.  At  power  shutdown, 
the  I.D.  thermocouple  was  2550°F,  the  center  was  1520°F  and  the 
O.D.  was  1260°F. 
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Run  3 

The  run  duration  was  5.9  seconds  with  a  peak  power  of  43  KW.  Melt¬ 
ing  was  observed  at  1.3  seconds  when  the  I.D.  thermocouple  was  at 
2140°F.  At  powei  shutdown,  the  I.D.  thermocouple  reading  was  3160°F, 
the  center  was  2320° F  and  the  O.D.  was  2090° F. 

Run  4 

This  run  had  the  highest  peak  power,  60  KW,  of  the  five  runs  on 
this  sample.  Melting  started  at  0.6  seconds.  No  I.D.  tempera¬ 
ture  information  was  obtained  due  to  shorting  of  the  thermocouple. 

At  power  shutdown  (6.8  seconds)  the  center  thermocouple  was  2650° F 
while  the  O.D.  was  2370°F. 

Run  5 

This  run  was  intended  to  be  at  80  KW.  However,  the  heat-up  was 
very  poor  with  melting  occurring  at  0.7  seconds  so  the  maximum 
desired  power  level  was  never  reached.  The  maximum  power  level 
was  about  50  KW.  The  power  was  shut  down  at  14.9  seconds  when 
the  I.D.  thermocouple  was  3570°F,  the  center  was  3160°F  and  the 
O.D.  was  2990°F. 

After  the  fifth  run,  visual  examination  through  the  bell  jar  test 
chamber  showed  that  the  sample  had  cracked.  The  crack  had  not 
been  observed  prior  to  the  fifth  run,  although  no  discontinuities 
in  the  extensometer  record  of  the  fifth  run  indicative  of  crack¬ 
ing  were  found.  A  close  check  of  extensometer  records  of  earlier 
runs  also  showed  no  discontinuities  which  could  be  interpreted  as 
cracking. 

In  contrast  to  Sample  A,  the  crack  extended  about  0.25  inch  from 
the  I.D.;  i.e.,  about  half  way  through  the  thickness  of  the  wall. 
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Sample  C 

(U)  This  sample  was  given  a  total  of  eight  runs  at  peak  power  levels  rang¬ 
ing  from  38.5  KW  to  75.4  KW  with  fracture  occurring  subsequent  to  the  eighth 
run.  Melting  problems  similar  to  those  observed  with  previous  samples  were 
again  evident.  After  the  fourth  run,  the  laC  layer  and  melted  material  were 
machined  off  the  I.D.,  the  sample  re-coated  with  Ta  and  run  four  more  times. 

(U)  Since  it  had  not  been  definitely  established  in  the  previous  samples 
when  the  observed  cracking  occurred,  the  system  was  opened  aftc-r  each  run 
and  this  sample  was  examined  closely  for  any  evidence  of  cracking.  The 
fracture  was  determined  to  have  occurred  on  cooling  during  the  eighth  run 
both  by  visual  observation  and  by  a  study  of  the  extensometer  records.  The 
details  of  each  run  are  given  below. 

Run  1 

No  temperature  data  was  obtained  on  this  run  which  was  6  seconds  in 
duration  with  a  peak  power  of  38.5  KW.  Melting  started  2  seconds 
into  the  test. 

Run  2 

This  run  was  of  3.0  seconds  duration  with  a  peak  power  of  50.2  KW. 
Melting  started  at  1.0  second  when  the  I.D.  thermocouple  reading 
was  2000° F.  At  power  shutdo\n,  the  I.D.  thermocouple  reading  was 
2250°F,  the  center  was  1840°F  and  the  O.D.  was  1650°F. 

Run  3 

Melting  occurred  0.5  seconds  into  a  5.0  second  test  with  a  peak 
power  of  65.0  KW.  The  I.D.  thermocouple  reading  at  the  onset  of 
melting  was  1960°F.  At  power  shutdown,  the  I.D.  thermocouple  was 
2880°F,  the  center  was  2370°F  and  the  O.D.  was  2090°F. 

Run  4 

Melting  occurred  in  this  run  at  0.4  seconds,  at  which  time  the 
power  curve  had  not  yet  peaked  out.  The  maximum  power  attained 

iiNm  flcciFirn 

vuvhf  ivvli  iki# 


UNCLASSIFIED 


AFRPL-TR-69-231 
Page  169 


just  prior  to  the  onset  of  melting  was  75.4  KW,  while  the  I.D. 
thermocouple  reading  was  1190°F.  Considerable  arcing  occurred 
prior  to  melting.  Power  shutdown  occurred  at  2.5  seconds;  the 
I.D.  thermocouple  reading  was  2330°F,  the  center  was  1490°F  and 
the  O.D.  was  1200°F. 

Because  of  the  severe  melting  problems,  the  sample  was  removed 
from  the  test  chamber  and  the  TaC  layer  machined  off  the  I.D. 
surface.  A  new  Ta  layer  was  deposited  and  the  thermocouples 
spot  welded  in  approximately  their  original  positions. 

Run  S 

The  heating  characteristics  for  this  run  were  considerably  improved 
over  the  previous  run,  undoubtedly  due  to  the  removal  of  the  pre¬ 
viously  melted  I.D.  surface.  Peak  power  was  64.8  KW. 

"New"  melting  occurred  at  1.0  second  when  the  inside  thermocouple 
reading  was  1680°F.  The  test  duration  was  3.0  seconds  at  which 
time  the  I.D.  thermocouple  was  2340°F,  the  center  was  1630°F,  and 
the  O.D.  was  1420°F. 

Run  6 

This  run  was  made  in  an  attempt  to  induce  cracking  into  the  sample 
by  following  the  test  conditions  of  Run  5,  Sample  B.  The  run  time 
was  15.3  seconds  with  a  peak  power  level  of  70  KW.  Melting  started 
at  0.5  second  when  the  I.D.  thermocouple  was  reading  1460°F.  At 
power  shutdown,  the  I.D.  thermocouple  was  3320°F,  the  center  was 
3200°F  and  the  O.D,  was  3110°F.  No  cracks  were  found.  Based  on 
this  test,  it  was  concluded  that  perhaps  fracture  in  Sample  B  had 
not  occurred  on  the  fifth  run  but  during  an  earlier  run. 

Run  7 

Inducing  fracture  by  shutting  down  the  power  supply  when  the  temp¬ 
erature  differential  was  at  a  maximum  was  attempted  using  a  peak 
power  of  73.4  KW.  The  temperature  difference  was  monitored 
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visually  from  thermocouple  traces  during  the  test  duration  of  6.D 
seconds.  Post -test  examination  of  the  thermocouple  traces  showed 
that  the  naximun  AT  had  occurred  at  1.6  seconds,  long  before  power 
shutdown.  The  entire  sample  was  hot  at  power  shutdown,  the  I.D. 
thermocouple  reading  3290eF,  the  center  reading  2590CF  and  the  Q.I*. 
reading  2560° F.  These  test  conditions  did  sot  cause  cracking  to 
occur. 


The  typical  melting  problems  were  also  encountered  with  melting 
starting  at  0.4  seconds  when  the  I.D.  thermocouple  was  reading 
12S0°F. 

Run  S 

Test  conditions  used  in  Run  7  were  duplicated  except  that  power 
shutdown  was  pre-set  at  1.6  seconds,  at  which  time  the  I.D.  ther¬ 
mocouple  was  reading  19S0CF,  the  center  was  1060°F  and  the  O.D. 
was  S50°F.  The  heating  portions  of  these  two  runs  were  nearly 
identical  up  to  power  shutdown. 

At  3.7  seconds  (during  cooling)  the  continuity  of  the  extenso- 
meter  trace  was  interrupted.  The  type  of  behavior  observed  is 
typical  of  cracking  of  the  test  sample.  Post-test  examination 
showed  that  the  sample  had  cracked  in  two  places  nearly  180  degrees 
apart  during  this  run.  The  cracks  extended  from  the  I.D.  about  two- 
thirds  of  the  way  Co  the  O.D. 
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Air  j-orce  Rocket  Propulsion  la^cratr 
Air  i-orce  Systems  Command 
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i^fTf^en-moJlti^ program  was  conducted  to  develop  and  demon  str.-- to  s  single- 
element  coaxial  injector  with  XoO^.dT  the  .5000 lb f  thrasF'T??Y*i_^The  optimum 
injector  configuration  and  one  varient  ■***  employed  in  multiple-start ,  lo.-sg- 
duration  ablative  charier  tests.  Hie  durability  of  the  final  injector  configuration 
was  demonstrated  by  over_460  seconds  of  operation  in  44  starts,  including  hot  restart 
without  discrepancies.  "^Three  basic  configurations  of  the  coaxial  injector VohceVFT 
with  geometric  variations,  were  tested  to  evaluate  parameters  controlling  perform¬ 
ance  and  inj ector/chamber  compatibility,  together  with  demonstrating  the  inherent 
dynamic  stability  of  the  injector.  All  contract  design  goals  were  met  or  exceeded 
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